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ABSTRACT 

Impact of Acid Cleaning on the Performance of PVDF UF 
Membranes in Seawater Reverse Osmosis Pretreatment 

Safiya Hassan Alsogair 

Low-pressure membrane systems such as Microfiltration (MF) and Ultrafiltration (UF) 

have been presented as viable option to pre-treatment systems in potable water 

applications. UF membranes are sporadically backwashed with ultra-filtered water to 

remove deposited matter from the membrane and restore it. Several factors that may cause 

permeability and selectivity decrease are involved and numerous procedures are applicable 

to achieve this objective. Membrane cleaning is the most important step required to 

maintain the characteristics of the membrane. This research was made with the purpose of 

investigating the effects of acid cleaning during chemically enhanced backwashing (CEB) 

on the performance of ultrafiltration (UF) membranes in seawater reverse osmosis (SWRO) 

pretreatment. To accomplish this, the questions made were: Does the acid addition (before 

or after the alkali CEB) influence the overall CEB cleaning effectiveness on Dow UF 

membrane? Does the CEB order of alkali (NaOCl) and acid (H2SO4) affect the overall CEB 

cleaning effectiveness? If yes, which order is better/worse? What is the optimal acid CEB 

frequency that will ensure the most reliable performance of the UF?.  To answer this 

queries, a series of sequences were carried out with different types of chemical treatments: 

Only NaOCl, daily NaOCl plus weekly acid, daily NaOCl plus daily acid, and weekly acid 

plus daily NaOCl. To investigate the consequence of acid by studying the effect of 

operational data like the trans-pressure membrane, resistance or permeability and support 

that by the analytical experiments (organic, inorganic and microbial characterization). 

Microorganisms were removed almost completely at hydraulic cleaning and showed no 

difference with addition of acid. As a conclusion of the operational data the organic and 

inorganic chatacterization resulted in the elimination of the first sequence due to the 

acummulation of fouling over time, which produces that the cleaning increases downtime, 

productivity diminishes, Increases water cost, shortens membrane lifespan and the 

frequency of cleaning in place (CIP). The elimination of the third sequence, NaOCl 
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followed by daily acid, resulted in excessive dosing of acid which affects fibers and 

increases the water cost. The removal of organic carbon and inorganic fractions for the 

second and third sequence were investigated. The better removal of Iron was in the last 

sequence with value of 11.52 mg/l due to acid was dose first which target inorganic 

foulants. The better removal of bio polymers was obtained at the second sequence with a 

value of 0.95 mg/l owed to the influence of chorine CEB to acid which oxidized 

biopolymers with higher molecular weight to smaller, then when the acid CEB removed it 

in a larger amount. While the last sequence was 0.57 mg/l. It can be concluded that second 

sequence provided a better removal that the last sequence. To support this conclusion, the 

operational data was compared to the second sequence is operationally sustainable, 

therefore in this revision the best sequence was the second. 
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Chapter 1 

1. Introduction 

1.1 Background About Ultrafiltration (UF) 

Low-pressure membrane systems such as Microfiltration (MF) and UF have 

recently been viewed as viable option as pre-treatment systems in drinking water 

applications.  Their advantages over conventional approaches include reliability, small 

footprint, and high quality effluent. As Schulz, Soltani, Zheng and Ernst (2016) have noted 

the modern ultrafiltration advanced from the fractionation technique embraced in the late 

1960s. The technology has continually developed and is used widely in many fields 

including water treatment, chemical recovery, wastewater reclamation, dairy making, juice 

concentration, medical utilization, and cell harvesting. 

Nonetheless, low-pressure membrane systems have some drawbacks that limit their 

adoption. Membrane fouling decreases membrane permeability and lifespan as well as 

increases energy, cleaning chemical and labor requirements (Schulz, Soltani, Zheng, & 

Ernst, 2016). In addition, fouling particulate and colloidal matter have detrimental effect 

on UF and MF systems (Hajibabania, Antony, Leslie, Le-Clech, 2012). It is essential, 

therefore, to efficiently and effectively control and minimize fouling. 

Fouling can be prevented via methods such as feed streams pre-treatment, 

enhancing membrane’s anti-fouling properties through chemical modification, and 

operational conditions optimization. Nonetheless, periodic cleaning of the membrane is 

still necessary. 

Research on membrane cleaning complements knowledge development on fouling. 

But as Schulz, Soltani, Zheng and Ernst (2016) notes, literature specific on membrane 

cleaning is fewer than fouling literature. Several earlier studies on membrane cleaning were 

essentially subsidiary to fouling and incomprehensive. Dedicated research works on 

membrane cleaning have, nonetheless, increased over the last two decades in line with the 

expanding use of UF systems in industries such as wastewater, food, and biotechnology, 

and water.  Schulz, Soltani, Zheng and Ernst (2016) have noted that demand for 
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information on membrane cleaning is rising. Notable studies include research pieces on 

ultrasonic cleaning, traditional cleaning, chemical cleaning in water industry, and 

membrane cleaning in food (Shi, Tal, Hankins, & Gitis, 2014).  
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Chapter 2 

2. Literature Review in Cleaning of Membranes Fouling  

2.1 Membrane Fouling 

A thorough understanding of the elaborate interactions between the membrane and 

foulant is essential to enhance membrane cleaning procedures. Shi, Tal, Hankins, Gitis and 

(2014) notes that most studies on membrane cleaning are founded on trial-and-error. They 

state that a better and systematic approach is needed to study various facets of fouling 

control. It is also necessary to take into account the economic aspects of the cleaning 

protocols, including the costs of cleaning and the effect of the protocols on lifespan and 

efficiency of the membrane.  

Forms of Fouling. Ultrafiltration fouling happens via various means including 

pore blocking, adsorption, and gel or cake formation. Adsorption arises when there are 

specific exchanges between the membrane and particles (solutes). It is a product of a 

thermodynamic equilibrium process and surface energy. The exchanges or interactions can 

be caused by electrostatic pull, chemical bond, and weak van der Waals forces. A common 

challenge in macromolecules (such as humic acids and proteins) separation is the 

spontaneous and near instantaneous formation of solutes monolayer on surface of a 

membrane. The heterogeneity of these molecules constituents is the reason for their strong 

affinity to the membrane. The molecules have functional groups such as hydrophobic acids 

that make them partial lipophilic. As a result, the macromolecules are able to engage in 

surface interactions such interactions involving van der Waals, hydrophobic, and 

electrostatic forces. Shi, Tal, Hankins and Gitis (2014) note that membranes contaminated 

by such macromolecules require chemical cleaning to restore them since desorption is not 

thermodynamically appropriate. Adsorbed matter on a membrane has the potential to 

change the membranes surface traits such as charge or hydrophobicity. Shi, Tal, Hankins 

and Gitis (2014) have determined that negativity of a membrane’s steaming potential 

increases as negatively charged humic acids are adsorbed. And since pore-sizes of several 

macromolecules are similar to those of ultrafiltration membrane, internal fouling arising 
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from in-pore adsorption can add to the fall in overall flux. The thermodynamic aspect of 

adsorption differentiates it from other types of deposition caused by forces such as 

hydrodynamic forces applied on the colloids and which do not go into equilibrium 

thermodynamically. Schulz, Soltani, Zheng and Ernst (2016) have pointed out that an 

adsorbed monolayer is more strongly attached to a membrane than multilayer deposits. 

Pore blockage arises from particles and colloids partially or completely closing 

membrane pores. Typically, the process occurs fast in the early filtration stages when the 

membrane has no deposits yet such that the inbound particles can directly interact with the 

membrane pore. Blocking some pores results in an increase in the local flux and the mass 

transfer through the unblocked pores. 

Cake Formation. Cake formation involves layer-by-layer build up of particles on 

the exterior surface of a membrane. The process is commonly called cake formation 

fouling. It results in extra resistance (called cake resistance) to the permeate flow. Shi, Tal, 

Hankins and Gitis (2014) pointed out that a cake layer can contain different solute types 

including chemically inert and active colloids. The initial inert cake layer formation close 

to the membrane surface inhibits direct interaction between the membrane surface and 

other foulants including those that may be active. Therefore, the inert cake layer creates a 

filter-aid situation because the layer is a sort of pre-filter that sieves out substances with 

high fouling potential. If active colloids reach the membrane surface first such that they 

channel the inert foulants to it, a more sticky cake forms such that the fouling becomes 

irreversible. In some cases, over-clogging may occur when tiny macromolecules fill a 

cake’s interstices. This causes greater hydraulic resistance. Shi, Tal, Hankins and Gitis 

(2014) have highlighted that fouling cake morphology influences the flux decease, whilst 

the contact between membrane surface and cake layer dictates the reversibility of fouling.  

Gel Formation. Gel formation results from the amalgamation of a layer (of 

extremely concentrated macromolecules) directly close to the membrane surface. The 

process starts with concentration polarisation. The changeover from concentration 

polarisation to fouling happens when the repulsive electrostatic forces are weaker than the 

attractive force. Occurrence of gelation is associated with the limiting flux, the greatest 

stationary permeation flux in a system. 
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Foulants. Foulants are basically categorized into four groups: particulates, ions, 

macromolecules, and biological substances. Shi, Tal, Hankins and Gitis (2014) have 

presented an analysis of the fouling layers composition in a filtration of Lake Decatur and 

Lake Michigan waters. They revealed that silicon, calcium, magnesium, and Natural 

Organic Matter (NOM) were the main constituents in the fouling cake Table 2.1-1 gives 

examples of fouling modes for various foulants.  

Table 2.1-1 Examples of fouling modes for various foulants in major membrane use 
involving separation of liquid-solid matter 

Foulants Fouling modes 

Small colloidal particles Colloids arising from restoration of cells from 

fermentation broth can lead to formation of a dense 

cake layer, and blockage of the membrane pore 

entrance, or clogging of the internal section of the 

membrane.    

Large suspended particles Particles in the initial feed or formed as a result of 

accumulation can cause a cake layer formation and/or 

blockage if module channels.    

Inert macromolecules Cake or gel formation on membrane 

Small molecules Some organic molecules interact strongly with 

polymeric membranes. For example, anti-foaming 

agents such as polypropylene glycols utilized in 

fermentation processes attach strongly to specific 

polymeric membranes.  

Adsorptive macromolecules Humic acids and proteins adsorb on to membranes 

surfaces and in pores. 

Cations Hydroxides and salts precipitation to form scaling. 

Some cations such as calcium can aid macro-

molecular fouling. 
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Particulates are characterized by sizes of between 1nm and 1µm and rigid shape. 

The particles can completely close, internally constrict or partially block pores depending 

on the particle size to pore size ratio. During filtration, a specific dominant cake layer can 

be seen after pores blockage. Colloidal traits such as roughness, surface charge, size, 

stability, and hydrophobicity dictate inter-particle interactions and consequently the 

fouling cake properties. 

Macromolecules foulants are characterized by molecular weight of between a few 

thousand Daltons and one million. Macromolecules fouling involve molecules’ functions 

groups having specific interactions with the surfaces of the membrane. 

Protein fouling is a main concern in food and therapeutical industries. Non-

aggregated (native) proteins have intricate molecular structures and charge points, and 

naturally are tens of nanometers in size(Shi, Tal, Hankins, & Gitis, 2014). The solution pH 

dictates the net charge while molecular interactions and ionic strength affect molecular 

size. Intrinsically, protein molecules are unstable and vulnerable to denaturation by 

solvents, shearing or heat (Nguyen & Roddick, 2011). Protein strongly and quickly adsorbs 

onto a membrane surface. Protein fouling requires chemical cleaning because it is basically 

irreversible and very intricate (Shi, Tal, Hankins, & Gitis, 2014). 

2.2 Fouling Control Strategies in UF Systems 

There are several strategies of studying the reduction of membrane fouling and 

organic matter, however it is important when choosing a strategy to consider dosage 

optimization in Ultrafiltration (UF) systems. Three main fouling control strategies are 

particulate deposition, scaling, and biofouling, and available technologies are hindered by 

operational costs related to need for recurrent chemical cleaning and reduced membrane 

service life. In this study, chemically enhanced backwash (CEB) was chosen in order to 

have a continuous operation in the downstream process Operation at low flux, the capital 

expenditures (CAPEX) in terms of larger membrane area and larger footprint requires 

fewer modules for a similar or equal capacity. The modules are fewer because of larger 

and superior active membrane area. When the feed water conditioning is through 

coagulation, the active membrane area produces high productivity with no significant 

increases in module sizes or weights. The operating expenditure (OPEX) with respect to 
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dosing equipment, chemical costs, sludge treatment, downtime, downstream processes 

affected, and disposal of running the fouling control strategies in UF systems are 

minimized or maintained at sustainable levels. The cleaning system in performed in two 

ways, the first is hydraulic cleaning systems also known as backwash. The second cleaning 

system is through chemical cleaning, where the flux is can be cleaned through chemically 

enhanced backwash (CEB) system or clean in place (CIP), and in this study, focus to study 

CEB in order to have a continuous running of downstream process. 

2.3 Membrane Cleaning 

Principle and Definition. Membrane cleaning is a process whereby a membrane 

is relieved of substances that are not integral part of it. It yields a membrane that is 

biologically, chemically, and physically clean to allow adequate flux and separation. Wang, 

Wei, Wu, Qu, Chen, Liang and Li (2016) have stated that membrane cleaning should 

achieve this objective while adhering to the following criteria: a) restoring the initial flow 

via pristine membrane without negatively altering its surface, b) being compatible with the 

system components and the membrane, c) keeping freed foulants in solution or dispersion 

to avert re-fouling of cleaned areas, d) being congruent with water, e) having appropriate 

stability and buffering capacity with time, f) being cost effective and available (Shi, Tal, 

Hankins, & Gitis, 2014). 

A fouled membrane can be cleaned in a number of ways. In general, they can be 

grouped into two categories: chemical and physical methods.  Physical cleaning involves 

mechanical activities to free and remove foulants from the surface of a membrane. 

Examples of physical methods are vibration, CO2 back permeation, air scour, and hydraulic 

cleaning. Often, hydraulic methods of cleaning membranes are adopted in ultrafiltration 

process for drinking water treatment (Liang, Gong, Chen, & Li, 2008). Chemical cleaning 

involves use of chemicals to modify the chemistry of the solution and alter the electrical 

double layer (EDL) to facilitate electrostatic repulsion between the membrane and foulants 

(Shi, Tal, Hankins, Gitis & 2014). It chemicals also react with foulants to disintegrate them 

into liquid form. Physical cleaning employs turbulence, which in turn alters hydrodynamics 

or varies temperature in order to kinetically make foulants abandon the membrane. 

Typically, chemical and physical methods are applied together (Nguyen & Roddick, 2011). 
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There are also emerging and innovative techniques such as electrical fields and ultrasonic 

based methods. 

Chemical Cleaning. Chemical cleaning is mainly employed to fouling that cannot 

be reversed by hydraulic cleaning methods alone (Levitsky, Naim, Duek, Gitis, 2012). 

Chemical agents, especially oxidants, are also utilized for disinfection purpose. 

Table 2.3-1 Popular cleaning agents and potential interactions between foulants and 

cleaning agents 

Family Examples Functions 

Alkalis Strong KOH, NaOH pH control, catalysing fats 

saponification, surface charges 

alteration, alkaline hydrolysis of 

protein . 

Acids Strong HNO3, HCl and weak 

Citric and H3PO4,  

pH control, inorganic precipitates 

dissolution, acidic hydrolysis of 

some macromolecules.  

Oxidants Na2CO3, NaClO  Disinfection, organic oxidation 

Surfactants Cationic CTAB, anionic SDS, 

Nonionic Tween 20  

Deposits suspension/ dispersion 

Chelants  EDTA Mineral deposits removal, 

complexion with metal 

Enzymes Lipases, proteases Catalysis of particular substrates 

such as lipids and proteins 

 

Acids are primarily employed to dissolve precipitates of metal oxides, hydroxides 

and inorganic salt. Acids such as nitric, hydrochloric, and sulphuric acid are appropriate 

for this role. Woo, Lee, Tijing, Shon, Yao and Kim (2015) have noted that HNO3 is 

commonly used in many plants to eliminate calcium precipitates, and is also a strong 
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oxidant that is utilized to clean numerous biological and organic foulants in a process called 

nitration. 

Strong acids, nonetheless, have major limitations because of the great effect on 

solutions’ pH. Very low pH can negatively affect a membrane’s integrity. Therefore, weak 

acids are often utilized for clean membranes. Phosphoric acids and citric acids are less 

corrosive and valuable buffers in preserving pH during cleaning. They are also very 

effective at removing cations; they are chelating agents. However, they are very expensive 

(Shi, Tal, Hankins, & Gitis, 2014). 

The advantages of NaClO encourage its utilization in membrane cleaning. As 

Liang, Gong, Chen, and  Li (2008) have highlighted, NaClO can oxidize organic foulants 

accumulated on a membrane. It produces more functional groups such as aldehyde, ketone, 

and carboxylic acids that contain oxygen, and which due to their great hydrophilicity, 

attach less to a membrane.  

Laine, Vial, and Moulart (2000) have demonstrated that chlorine-based compounds 

are powerful disinfectant. They reported that terminating chlorine dosage in backwash 

water after 20 d of operation led to serious membrane fouling within five d. Nguyen and 

Roddick (2011) have noted that alkaline agents are also effective cleaners of foulants, 

especially organic foulants, because many organic compounds get hydrolysed at high pH. 

As a result, the organic compounds are highly soluble and inclined to detach from the 

membrane. 

Hybrid (Physical and Chemical) Cleaning. Modern approach to cleaning 

membrane involves combining physical and chemical cleaning. A chemically-enhanced 

backwash (CEB), for instance, is commonly utilized to enhance efficiency (Ferrer, Lefèvre, 

Prats, Bernat, Gibert, & Paraira, 2016). Typically, a normal backwash (using a solution 

without chemicals) precedes a CEB. Chemically enhanced backwashing involves a soaking 

phase lasting for 5-20 minutes, or sometimes even soaking the membrane for several hours. 

Unlike CIP where the solution flows across the surface of the membrane, CEB’s disruption 

to the filtration process and the equipment required is less. However, CEB is considered 

energy intensive in some cases and thus some installations may prefer to exclude it from 

their process (Ferrer, Lefèvre, Prats, Bernat, Gibert, & Paraira, 2016). 
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The operation of an ultrafiltration membrane is characterized by a series of cycles, 

where each cycle involves two contrasting phases: the filtration phase and backwash phase. 

In the filtration phase, the membrane resistance rises gradually as a result of fouling, while 

in the backwash phase, membrane resistance reduces as the membrane is rid of foulants. 

Figure 2.3-1, schematically depicts the progress of the membrane resistance over the 

membrane’s operation period highlighting all its components, including resistance when 

the membrane is clean (Rm), resistance as a result of reversible fouling (Rrev), and 

resistance as a result of irreversible fouling (Rirrev). 

Elimination of irreversible foulants can be accomplished partially only via 

aggressive chemical cleaning. This process, commonly referred to as clean-in-place 

(CIP),is normally onerous and necessitates shutdown of the unit to be cleaned for many 

hours. As Ferrer, Lefèvre, Prats, Bernat, Gibert, and Paraira (2016) have stated, chemical 

cleaning leads to both a deterioration of the cleaning membrane and drop of the overall 

production capacity of a plant capacity. Therefore, it should be kept to a minimum. The 

addition of chemical cleaning agents into the water utilized for backwashing is a good 

strategy of minimizing the use of cleaning (Shi, Tal, Hankins, & Gitis, 2014). Unlike a 

CIP, a CEB is carried out intermittently and does not necessitate an extended plant 

shutdown. In addition, the nature of CEBs and/or their chemicals concentration tend to be 

less aggressive than those of CIP (Ferrer, Lefèvre, Prats, Bernat, Gibert, & Paraira, 2016). 

As a result, chemically enhanced backwashes are typically less effective than CIPs. 
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Figure 2.3-1 Depiction of the membrane resistance evolution over the filtration and BW  

cycles efficiency 
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Chapter 3 

3. Research Objective  

The objective of this research study was to Investigate the effect of acid cleaning 

during chemically enhanced backwashing (CEB) on the performance of ultrafiltration (UF) 

membranes in seawater reverse osmosis (SWRO) pretreatment. 

3.1 Research Questions  

1. Does the acid addition (before or after the alkali CEB) influence the overall CEB 

cleaning effectiveness on Dow UF membrane? 

2. Does the CEB order of alkali (NaOCl) and acid (H2SO4) affect the overall CEB 

cleaning effectiveness? If yes, which order is better/worse?  

3. What is the optimal acid CEB frequency that will ensure the most reliable performance 

of the UF (i.e. daily acid addition vs. weekly acid addition)? 
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Chapter 4 

1. Overview on the Design & Methodology 

1.1 Feed Water Characteristics 

Figure 1.1-1, the intake system supplies seawater from a distance of 1.2Kilometers 

at a depth of 10meters.  The intake system comprise of a 2cm-diameter mesh screen and a 

pump capable of delivering 80m3/hr to the plant.  The water then passes via a 250micron 

filter and is retained in a seawater tank prior to being pumped to the UF system. 

 

Figure 1.1-1 Seawater intake system 

The feed water was composed as shown in Table 1.1-1:  

Table 1.1-1 Mean feed water quality. 8 samples were analyzed for pH. TDS, 

conductivity, TOC, and alklinity 

Parameters Value 

TOC Feed (mg/l) 0.916 ± 0.05 

Temperature (ºC): 24.52 ± 0.99 

TDS Feed from Conductivity (Kg/L) 42.14 ± 0.42 

Conductivity (mS/cm) 59 ± 0.77 
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Alkalinity (bicarbonate) (mg/L) 134.14 ± 1.17 

pH 8.21± 0.05 

 

1.2 UF Membrane Characteristics 

The type of membrane used for this research is Dow Ultrafiltration™ SFP-2880.  

The manufacutrer’s key attributes are given in Table 2.3-1 (DOW UF manual).  

Table 1.2-1 Characteristics of the UF membrane module provided by the manufacturer 

Configuration  Hollow fiber (pressurized outside/in)  

Base Polymer  PVDF 

Norminal Pore Diameter (nm) 30  

Hollow Fiber ID (mm) 0.70  

Hollow Fiber OD (mm) 1.30  

Surface area (m2) 77 

 

1.3 Design of Experiments: 

The hydraulic performance of ultrafiltration membranes set in dead end mode was 

evaluated based on pressure changes in every cycle as well as on pressure recovery 

following hydraulic cleaning and after chemical cleaning (CEB). 

1.3.1 Scheme of Pilot Plant  

The pilot plant was designed as a desalination system for UF-SWRO (Figure 1.3-1): 

A. Open intake: underwater set of pipes, submerged at 10 meters below sea 

level, and 2-cm coarse screening and intake pump. To avoid the byproduct 

formation and SWRO-membrane damage, there is no chlorine treatment. 

B. Microstraining: is used to recollect mussel seed. The filter cage is 250µm  
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C. Seawater intake tank: the retention tank links from micro strainer to the UF 

membranes with a volume of 200 m3. 

D. UF: Filtration is carried out using Dow Ultrafiltration™ SFP-2880. To 

decrease the need for intensive chemical cleaning, standard Dow 

recommended settings were used: filtration flux of 75 L/m2/h for 60 min 

and hydraulic backwash at 100 L/m2 h lasting for 3:00 min with UF filtrate. 

The CEBwas performed every 24 hours in this study. 

E. UF filtrate tank: Used for collecting the filtrate  samples for organic, 

inorganic and microorganism. 

F. UF backwash: backwashing to eliminate foulants from the membrane. 

G. Sea water RO: The filtrate water is pumped to the RO system for further 

treatment. 

H. pressure indicator and temperatures probes, pH probe, flow meter and 

turbidity meter. 

1.3.2 Sample Collection 

Six samples were collected for the purpose of perofmring analytical methods to 

help in this study as shown in Figure 1.3-1: 

1. Before intake filter: To allow for examination of the water feed before the 

exposure to any filtration  

2. After intake filter: With the purpose of studying the performance of 

removing suspended solids to protect the UF membranes. 

3. UF feed: Toward the study microbial grow in the seawater intake tank and 

appreciate the effects on the UF membrane  

4. UF filtrate: In the interest of examining the water quality of the membrane 

hydraylic and chemical cleaning. 

5. After UF filtrate tank: To enable the evaluation of microorganism growth 

rate in and to study the effectiveness on removing bacteria and viruses from 

the water before it passes to the RO. 

6. CEB effluent: At the third top UF module to test water quality after the 

chemical treatment as shown in Figure 1.3-1 and Figure 1.3-2. 
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Figure 1.3-1 Schematic overview of the UF pre-treatement System 

 Samples were taken during the CEB waste, which was from sample point six with 

a volume of one liter per sample.. A total of ten samples were taken during the hydraulic 

cleaning, chemical cleaning and forward flush.   

The first sample was taken before the chemical solution reaches the UF module 

(hydraulic cleaning). The effluent volume for each module was 0.06 m3 and the duration 

was 30 seconds. A total of seven samples were taken during the backwash step within the 

CEB while the chemical solution is being dosed into the UF module. The duration for the 

seven samples was two minutes with a effluent volume of 0.26 m3 for each module. Then 

additional two samples were taken during the forward flush, the duration was 5 minutes 

with 0.2 m3 per module. Choosing the middle module at the midpoint to get an estimation 

of the cleaning efficiency. This data is shown in the figure below.   

A 
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Figure 1.3-2 Sample collection for CEB waste analysis 

The speed of the chemical dose from the pump room to the UF membranes were 

determined by the equations below:  

𝑣𝑣 =  
𝑄𝑄
𝐴𝐴

(1) 

Where: 

Q: Volumetric flow rate   

A: Transversal area  

Where Q was the volumetric flow rate and A was the area  

𝐴𝐴 = 𝜋𝜋(𝑑𝑑
2

)2 (2) 

Where: 

d: Diameter  

Measured the pipe length of the pilot plant in order to have an estimation of chemical arrival 

to UF membrane. 

𝑡𝑡 = 𝑑𝑑 
𝑣𝑣

(3) 

Where 
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 t: Time,  

d: Distance   

v: Velocity  

With base on the calculations above, the chlorine will arrive at 40 seconds. To 

identify the values used in the calculations, samples were taken every ten seconds and 

concentration was measured. The results obtained were: the first 40 seconds, there is 

chlorine introduce to the system. At 50 seconds, chlorine appear in the UF. The highest 

concentration obtained was 280 mg/l at 70 seconds when concentration begins to decline.  

Samples were analyzed two hours from the collection time which may have caused 

degradation of the chlorine. 

 

Figure 1.3-3 chlorine concentration variations in time 

1.4 Evaluation of Cleaning Efficiency:  

Figure 1.4-1, schematically represents the variation in membrane permeability 

measured during filtration and backwash cycles. The permeability measured during 

filtration gradually decreases over time due to the onset of the fouling phenomena. In 

contrast, the permeability measured during backwash increases at the start of the backwash, 

as it is in this period when fouling is mainly removed. Then it remains almost stable in time 

until the culmination of the procedure. In that order of ideas, at the very end of the 
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backwash period, the measurement of membrane permeability allows the irreversible 

fouling phenomena to be assessed (Remize, Guigui, & Cabassud, 2010). 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑃𝑃 𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑣𝑣𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐾𝐾
𝐾𝐾°

 (4) 

K:  Permeability remaining fouling  

Ko: Initial peremability of new membrane or after CIP 

 

 

Figure 1.4-1 Classical characterisation of CEB efficiency and fouling. (Remize, Guigui, 

& Cabassud, 2010). 

4.4.2 Evaluation of the Irreversible Membrane Fouling CEB 

Performance: 

The increase in resistance arising from the fouled membrane determined fouling. 

The resistance was in turn computed from the reduction of permeate flux as directed by 

Darcy’s equation (Ferrer, Lefèvre, Prats, Bernat, Gibert, & Paraira, 2016): 

𝐽𝐽 = ∆𝑃𝑃
𝜇𝜇∙𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(5) 



29 
 

 
 

Where: j is  permeate flux in m3 m-2 s-1, µ is corrected permeate viscosity (at 25º C 

is 0.00093 Pa.s), ∆P is TMP in bars, and Rtotal is the overall membrane resistance. 

According to Darcy’s law, fouling is denoted by a fall in permeate flux under steady TMP 

during a membrane-based filtration of a membrane (a rise in TMP under steady J). The 

overall resistance be shown by the following model: 

𝐽𝐽 = ∆𝑃𝑃
𝜇𝜇∙(𝑅𝑅𝑚𝑚+ 𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟+ 𝑅𝑅𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)

(6) 

Where: Rm is the resistance of a clean membrane, Rrev is the resistance from 

hydraulically reversible fouling, while Rirrev is resistance from irreversible fouling.    

The 𝑅𝑅𝑟𝑟𝑟𝑟𝑣𝑣𝑖𝑖  for each filtration cycle was calculated by subtracting resistance after 

CEB from the resistance before CEB. 

𝑅𝑅𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑣𝑣𝑖𝑖 = 𝑅𝑅𝑏𝑏𝑟𝑟𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟 𝐶𝐶𝐶𝐶𝐶𝐶
𝑖𝑖 −  𝑅𝑅𝑎𝑎𝑏𝑏𝑎𝑎𝑟𝑟𝑟𝑟 𝐶𝐶𝐶𝐶𝐶𝐶

𝑖𝑖  (7) 

The percentage of 𝑅𝑅𝑟𝑟𝑟𝑟𝑣𝑣𝑖𝑖 over the oveall membrane fouling (Rfouling) is given by the 

following equation: 

𝑅𝑅𝑃𝑃𝑣𝑣𝑃𝑃𝑃𝑃𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑃𝑃 (%) = 𝑅𝑅𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 
𝑖𝑖

𝑅𝑅𝑓𝑓𝑡𝑡𝑡𝑡𝑓𝑓𝑖𝑖𝑓𝑓𝑓𝑓
𝑖𝑖 =

𝑅𝑅𝑏𝑏𝑟𝑟𝑓𝑓𝑡𝑡𝑟𝑟𝑟𝑟 𝐶𝐶𝐶𝐶𝐶𝐶
𝑖𝑖  − 𝑅𝑅𝑡𝑡𝑓𝑓𝑡𝑡𝑟𝑟𝑟𝑟 𝐶𝐶𝐶𝐶𝐶𝐶

𝑖𝑖  

 𝑅𝑅𝑏𝑏𝑟𝑟𝑓𝑓𝑡𝑡𝑟𝑟𝑟𝑟 𝐶𝐶𝐶𝐶𝐶𝐶
𝑖𝑖  −𝑅𝑅𝑚𝑚

(8) 

1.5 Design of Experiments Principles 

1.5.1 Initial Sequence : Start-up Conditions 

The operating conditions of the initial sequence for the ultrafiltration (UF) were set 

up as shown in Table 1.5-1. The initial sequence (start-up conditions sequence) only used 

alkaline in its CEB. The filtration flux and backwash flux were 75 L/m2h and 100 L/m2h 

respectively. The backwash was chemically enhanced with sodium hypochlorite (NaOCl) 

and utilized for the initial cleaning to remove organic and biological growth. The backwash 

frequency was set at 60 minutes while the 350mg/l NaOCl solution was dose every 24 

hours. 

Table 1.5-1 Operating Conditions of the Initial sequence for Dow UF 

Parameters Value 
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Filtration Flux [L/m2h] 75 

Backwash Flux [L/m2h] 100 

Backwash Frequency [minutes] /60 

CEB Frequency (NaOCl) [hours] /24 

CEB Concentration (NaOCl) [mg/l] 350 

CEB Concentration (H2SO4) [mg/l] - 

CEB Frequency (H2SO4) [Days] /- 

 

1.5.2 Second Sequence: Alkaline–Acid Conditions  

The operating conditions of the second sequence for the ultra-filtration (UF) were 

set up as shown in Table 1.5-2. The second sequence used both alkaline and acid in its CEB 

operation, starting with alkaline CEB followed by a weekly acidic CEB.. Filtration flux 

and backwash flux were 75 L/m2h and 100 L/m2h respectively. The backwash was 

chemically enhanced with sodium hypochlorite (NaOCl). Similarly, the backwash 

frequency was set at 60 minutes and a 350-mg/l NaOCl solution was dose every 24 hours. 

In addition, unlike in the first sequence, a 750-mg/l H2SO4 solution was dose in a weekly 

basis.  

Table 1.5-2 Operating Conditions of the second sequence for Dow UF 

Parameters Value 

Filtration Flux [L/m2h] 75 

Backwash Flux [L/m2h] 100 

Backwash Frequency [minutes] /60 

CEB Frequency (NaOCl) [hours] /24 

CEB Concentration (NaOCl) [mg/l] 350 

CEB Concentration (H2SO4) [mg/l] 750  (pH=2) 

CEB Frequency (H2SO4) [days] /7 
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1.5.3 Third Sequence: Alkaline–Acid Conditions 

The operating conditions of the third sequence for the ultra-filtration (UF) were set 

up as shown in Table 1.5-3. The third sequence used both alkaline and acid in its CEB 

operation, starting with alkaline CEB followed by a daily acidic CEB. Filtration flux and 

backwash flux were 75 L/m2h and 100 L/m2h respectively. The backwash was chemically 

enhanced with sodium hypochlorite (NaOCl). Similarly, the backwash frequency was set 

at 60 minutes and a 350-mg/l NaOCl solution was dose every 24 hours. In addition, unlike 

in the second sequence, a 750-mg/l H2SO4 solution was dose every 24 hours.  

Table 1.5-3 Operating Conditions of the third sequence for Dow UF 

Parameters Value 

Filtration Flux [L/m2h] 75 

Backwash Flux [L/m2h] 100 

Backwash Frequency [minutes] /60 

CEB Frequency (NaOCl) [hours] /24 

CEB Concentration (NaOCl) [mg/l] 350 

CEB Concentration (H2SO4) [mg/l] 750  (pH=2) 

CEB Frequency (H2SO4) [days] /1 

 

1.5.4 Third Sequence: Acid –Alkaline Conditions 

The operating conditions of the third sequence for the ultra-filtration (UF) were set 

up as shown in Table 1.5-4. The fourth sequence used both alkaline and acid in its CEB 

operation, starting with weekly acidic CEB followed by daily alkaline CEB.. Filtration flux 

and backwash flux were 75 L/m2h and 100 L/m2h respectively. The backwash was 

chemically enhanced with 750-mg/l H2SO4 sodium, the backwash frequency was set at 60 

minutes and a H2SO4 solution was dose every 24 hours. In addition, 350 mg/l NaOCl 

solution was dose.  

Table 1.5-4 Operating Conditions of the fourth sequence for Dow UF 
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Parameters Value 

Filtration Flux [L/m2h] 75 

Backwash Flux [L/m2h] 100 

Backwash Frequency [minutes] /60 

CEB Frequency (NaOCl) [hours] /24 

CEB Concentration (NaOCl) [mg/l] 350 

CEB Concentration (H2SO4) [mg/l] 750  (pH=2) 

CEB Frequency (H2SO4) [days] /7 

 

1.6 Measurements and Analysis 

Samples were analyzed and various measurements taken: Feed Before Intake filter, 

feed after intake filter, UF Feed, UF Filtrate, and UF filtrate tank. Measurements for the 

CEB samples, including backwash at top without chemical, backwash at top with chemical 

of (50,60, 70,80,90,100 and 110 seconds) and forward flush of ( two and four minutes) 

were also collected 

1.6.1 Physical Parameters 

pH. The pH value was determined using Cyberscan pH 6000. The device measures 

pH simply by inserting a probe inside the sample bottle and selecting the “measure” choice 

on the panel screen. 

The pH probe must always remain in pH 4 when not in use and should never remain 

in a sample for too long. Before conducting the tests, the device was calibrated using the 

standard pH solutions (pH 4 then pH7 and pH10) to ensure accuracy of the generated 

results. Next, the probe was rinsed with Milli-Q water to remove any residuals and inserted 

in the sample bottle. The “measure” command was selected and the values were recorded 

for each sample. Rinsing was performed between each subsequent sample measurement.  
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Conductivity. The conductivity was measured using Oakton-CON 510.  The 

device measures the conductivity simply by inserting a probe (similar to pH) inside the 

sample bottle and the reading is automatically generated. 

Before any testing was done, the device was calibrated using a 1000 ms/cm 

standard solution water to ensure accuracy of the generated results. The probe was inserted 

in the sample bottle then the reading was generated and recorded.   

Total Dissolved Solids (TDS). TDS was obtained by multiplying the conductivity 

values obtained above by a factor of 1.4 

P-alkalinity: P-Alkalinity is defined by the amount of acid needed to drop the pH 

to 8.3. The bicarbonate was measured using a Metrohm.  The bicarbonate is determined by 

inserting the probe into a bottle. The device calculates the alkalinity and shows the value. 

The P-alkalinity can be interpreted as the quantity of any carbonate or hydroxide alkalinity 

present. 

In this order of ideas, 10 ml sample were added and 50 ml of DI water were blended.  

Chlorine Meter: To determine the value of chlorine an Aqualytic was used. This 

device chooses a measure type that is calibrated by a sample. The samples are from CEB 

waste cleaning, so as it was expected to have high chlorine concentrations, it was diluted 

to 50% with the addition of 5 ml from a sample table of chlorine and acidity, then other 5 

ml of DI water were added. The mixture was mixed, wait for it to settle and then pressed 

test. 

1.6.2 Organic Fractions Measurement  

TOC/DOC. The Total and Dissolved Organic Contents were measured using 

Shimadzu-TOC. The device measures TOC/DOC injecting a probe inside a vial containing 

the sample water.  An important concern about a TOC analyzer is whether it can efficiently 

oxidize hard-to-decompose insoluble and macromolecular organic compounds, and not just 

the easily decomposable, low molecular weight, organic compounds. The 680°C 

combustion catalytic oxidation method, that was developed by Shimadzu, can efficiently 

analyze all organic compounds (Shimadzu Corporation, 2016).  
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Before inserting seawater samples, quality control was insert in the vial-holder 

(insert 3 Milli-Qs then quality control (1mg/l and 3 mg/l)) ensure accuracy of the generated 

results. Prior to filling the vials with samples, the vials were rinsed with sample for three 

times.  The vials were filled with 20mL of the samples for TOC measurement.  In order to 

determine DOC content, the samples were injected into the vials using a syringe with a 

0.45µm filter.  Then they were inserted in the vial-holder on the machine, ordered from 

cleanest to dirtiest (filtrate samples first then feed samples).   Vials containing Milli-Q were 

to clean the TOC/DOC probe prior to measuring the samples (one before the sample vials, 

one after the sample vials and insert Milli-Q vial after five sample vials).  Next, the 

calculation program was started and measurements were calculated and recorded.  

LC-OCD. The purpose of using the LC-OCD (DOC-Labor, Germany) was to 

determine the amount of Natural Organic Matter within the water samples.  The LC-OCD 

machine classifies NOM into about 10 classes of compounds and detects them via a 

customized Organic Carbon Detector (OCD). In this method, separation involves size-

exclusion chromatography followed by multi-detection of organic carbon, UV absorbance 

at 254 nm and organic nitrogen. Chromatograms are processed based on the area of 

integration using the ChromCALC program. The method separates NOM according to 

size/molecular weight and can give both quantitative and qualitative information of up to 

10 classes of natural organics. The definitions and size ranges that are initially assigned to 

different fractions of the LC-OCD analyzer are given by Huber et al. (2011). In the LC-

OCD method, DOC is measured in the column bypass after inline filtration through 0.45 

mm. 

Disposable vials were used for the water samples with the LC-OCD measurements.  

The vials were rinsed with Milli-Q water first, and then rinsed again with samples then 

were filled with at least 15 mL of seawater samples.  The samples were placed on the vial-

holder on the machine.  A vials containing 0.1Mol/L-NaOH was placed before the samples 

for cleaning purposes.  The injection volume and time for the NaOH was set to 4000uL 

and 260mins respectively.  On the other hand, the injection volume and time for the water 

samples were set to 2000uL and 180mins respectively.  The program was started, 

measurements were collected and recorded using ChromCALC. 
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1.6.3 Inorganic Fractions Measurement  

ICP-OES. The inductively coupled plasma optical emission spectrometry (ICP-

OES) is used mainly to detect trace metals. It involves use of inductively joined plasma to 

generate excited ions and atoms that release electromagnetic radiation at wavelengths 

typical of a specific element. A flame of temperature between 6000 and 10000 Kelvin, 

silicate dissolution and solution approaches are alternative methods used in ICP-OES. The 

emission intensity reveals the concentration of the matter in the sample. 

A standard solution was prepared using lithium, sodium, aluminium, potassium 

magnesium, manganese, calcium, strontium, boron, barium, iron and silicon (a standard 

solution has concentration of 1 mg/l, 10 mg/l and 100 mg/l). A calibration curve was done 

and a blank of nitric acid inserted for quality control to ensure the results have high 

accuracy. The samples were the diluted with 1000x, 100x and 10x. The application was 

run as measurements observed and recorded. 

Discreet Analyzer/Aquakem 250:  Is a discrete, selective phometric analyzer.  It 

makes convenient and automatic routine tests. This device uses a disposable 12 cell cuvette 

and it is capable of performing up to 200 tests per hour. This instrument is used to test 

nitrates, nitrites, silica, chlorides, sulphates, fluorides and colour in the water. 

In this study, samples were used to study silica. At first, two standard solutions (Si-

500 and Si Sal QC) were prepared using aqua and ricca. There were 3 reagents which meant 

for cleaning, then the cleaning fluids were inserted in the aquakem instrument. The 

standard was inserted for the calibration. The calibration is a linear fit. Finally, the water 

samples were inserted in the curvate and then inserted in the sample holder. It is important 

to add quality control for each sample holder to get better results.  

1.6.4 Microorganism Measurement  

Bactiquant: Bactiquant: For testing the microorganism in water it was used a 

Bactiquant Water device. For this purpose, water samples are filtered through a Millipore, 

where the bacteria are collected. Then, the filter unit is saturated with a surplus of enzyme 

substrate and after 30 minutes the presence of bacteria is determined by a fluorescence 

measure using a handheld fluorometer. The result is given in BQV (bactiquant value) 
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which is defined as fluorescence generated in 250 ml water sample in 30 minutes at room 

temperture. 

The amont of of sample to analysis before stariner, after strainer, UF feed is 500 ml 

and amount of water to analysis the UF filtrate and UF filtrate tank were 1000 ml. For CEB 

wastes were 200 ml.  

Bacteria Image Preparation through SEM: The first step is to perform a fixation 

in 2.5% glutaraldehyde in 0.1 M cacodylate buffer in 4C for overnight. The next step to 

follow is washing it in 0.1 M cacodylate buffer, 3 times, 15 min each (pH 7.2-7.4). Then, 

post-fixation in 1% osmium tetroxide in 0.1 M cacodylate buffer for one hour in the dark 

is required. This step is designed to make an improved preservation of ultrastructure. At 

that moment, it is required to wash in plenty of d.dH2O, 3 times, 15 min each. Following, 

Dehydration through gradient ethanol: 30, 50, 70, 90 and 100%, is mandatory, with a time 

lapse of 15 min each. After this, further dehydration in 100% ethanol is next it has to be 

done two times, 15 min each. The Sample will be transferred from 100% ethanol into a 1:2 

solutions of HMDS: 100% ethanol and leave for 20 minutes. Then, The sample will be 

transferred again to a fresh solution of 2:1 HMDS:ethanol for 20 minutes. 

(HMDS=hexamethyldisilazane). Finally, the sample is transferred into 100% HMDS for 

20 minutes and repeat this step. When the sample is submerged in the final 100% HMDS 

solution was left covered or capped loosely in a fume hood overnight. The sample was  

mounted and coated with 5nm AuPd for SEM imaging.  
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Chapter 5 

2. Results and Discussion  

2.1 Raw Water Quality  

In figure 5.1-1, samples were taken from different location to study the water 

quality. The samples location are before, after strainer, UFB feed, filtrate and UFB filtrate 

tank. The figure 5 shows there are no effect of removing organic carbon at different 

location. Dissolve organic carbon (DOC), biopolymers and humics substance maintained 

a stable removing of organic carbon. The samples were taken twice a month for feed and 

filtrate. 

In concordance with study (Gilbert & Ferrer, 2015) proved that Organic compounds 

were poorly removed, due to the fact that most of the organic matter present in feed water 

is in dissolved form, and 88% has a size smaller than the UF membrane pore size. 

 
Figure 2.1-1 Water quality from the feed and filtrate 

Figure 2.1-2, Compares the concentration of DOC of the organic fraction in feed 

and permeate as analyzed by LC-OCD. As shown in the chromatogram, the biopolymer 

retention time was 39 minutes, the humic acid retention time was at 62 minutes and the 
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building blocks retention time was at 69 minutes. The LMW was neutral at 80 minutes. 

Also, the figure 5.1.2 shows a minor removal in the feed and filtrate.  

The removal of organic composition constantly remained high even after 

performing backwashing which aimed to remove the reversible membrane foulants. From 

the beginning of the study, it was observed that the presence of irreversible membrane 

foulants in place of the reversible membrane foulants had a great effect in increasing the 

rate of removal of the organic composition. 

 

Figure 2.1-2 chromatogram of the LC-OCD and the retention time of feed and filtrate 

Figure 2.1-3 shows variations in bulk parameters and inorganic ion by the passage 

of feed water through the UF membrane. The samples were taken: before, after strainer, 

UF feed, and filtrate and UF filtrate tank. Based on Figure, Aluminum, manganese and 

silica not retained on the UF membranes, while Iron removal approximated fifty percent 

after ultrafiltration. 
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Figure 2.1-3 Water quality from the feed and filtrate 

 
Figure 2.1-4, shows the average of nine samples that been analysis for the microbial 

count. As expected the concentration of micro-organisms decreases in a significative 

amount only after the UF filtration. The chemical treatment is responsible for the 

decontamination of the water. It was evident that the microstrainer was not effective in 

removing bacteria, as only 33% of the bacteria was removedbecause the strainer only 

removes larger particles. However, the UF filtration effectively removed bacteria at an 

approximate signidficant level of 99.6% BQV. A regrowth was observed in the filtrate tank 

that was evident in the feed tank to RO membranes. 
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Figure 2.1-4 Raw water amount of microorganisms at different locations 

2.2  UF Performance 

Figure 2.2-1 shows the operation period December 9th, 2015 to March 30th, 2016.  

The period was split into four sequences, and the first sequence was based on cleaning 

efficacy using NaOCl only based on company guidelines. A sharp non-linear increase in 

TMP was observed from mid-December due to fouling. Then, as shown in the figure the 

effects of CEB diminished since the TMP was increasing. The initial TMP was 

approximately 0.61 bars and the final TMP reached to 1.56 bars. In the second sequence, 

the addition of H2SO4 in a weekly basis resulted in a significant recovery of TMP. After 

the range of TMP, it maintained the initial TMP of 0.8 bars and the final of 1.2 bars. In the 

third sequence, daily H2SO4was used in each NaOCl CEB, and it was observed that the 

water cost was higher in weekly H2SO4, as a result, it can be stated that the daily H2SO4 

is a better solution. The shutdown of 12th - 20th February, was due to planned maintenance. 

First, a normal backwash is applied about 3 times, then shutdown with preservation of 1% 

of Sodium metabisulfite (SMBS) was applied, and then closing all the valves from inlet 

and outlets of the UF. Finally, the UF system was flushed with forward flush for about 3 

minutes followed by a normal backwash, and finally has a normal operation. 
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 On 28th February, the TMP recorded it highest peak with a value of 2.1 bars. This 

can be attributed to the fact that the neutralization tank valve was not cleaned. During the 

forward flush, the water flow from the inlet to the outlet then to neutralization tank resulted 

in failure of hydraulic cleaning for approximately 22 hours after CEB got back to normal 

cleaning . Lastly, the fourth sequence was about reversing the frequency of chemicals used 

in the CEB in the previous sequence (i.e. weekly H2SO4 followed by the daily NaOCl). 

The TMP was measured and compared to the TMP of the previous sequence 2. Aggressive 

chemical cleaning was thought to partially achieve the removal of irreversible fouling. This 

type of cleaning usually requires the shutdown of the unit and takes several hours to be 

concluded. Also, chemical cleaning causes a reduction of the plant capacity and 

deteriorates the membranes. So, this procedure should be minimized as possible. One of 

the most common techniques to avoid it is the addition of chemical cleaners into the water 

used for CEB. 

 

Figure 2.2-1 Overall UF transmembrane pressure through the cleaning process 
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Factors including concentration gradients and pressure leads to highest levels of 

permeability decline in sequence I, and it is apparent that addition of acid CEB significantly 

stabilized UF operation. Therefore, no major benefit observed from daily addition of CEB 

compared with weekly addition. Therefore, it could be concluded that the cake formation, 

which made the major contribution to fouling using NaOCl only. The addition of weekly 

acid, as a result, the permeability was developed a stable. The difference from the 

beginning to the final of the second sequence was 0.021. The third sequence changed the 

addition of acid from weekly to daily and observed a permeability decline. As a result, the 

difference in using weekly acid and daily acid was not significant in terms of permeability 

loss and sustainable TMP operation. Also, it was found that the difference from the initial 

and final was 0.05. The last sequence started with weekly acid followed by daily NaOCl 

and its difference was 0.14 Based on this information, it can be concluded that second 

sequence had the better removal of irreversible fouling. 

 The permeability measured during CEB  rapidly increases at the beginning of the 

CEB, because this is the period during which fouling is mainly removed, and then remains 

almost stable in the course of time until the end of CEB procedure. So, at the very end of 

the CEB period, the measurement of membrane permeability enables the irreversible 

fouling phenomena to be assessed (Remize, Guigui, & Cabassud, 2010). 

 

Figure 2.2-2 variation of membrane permeability during the chemical cleaning efficancy 

As indicated in Figure 2.2-3, CEB with only NaOCl, had the highest rate of 

resistance, with a value of 80% of the total fouling resistance rate and, for the first 
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introducing the additional of H2SO4, this irreversibility rate was 30% which meant a better 

cleaning efficiency. When additional acid was used, the removal was 60 % lower from 

when only NaOCl was used.  The second additional of weekly H2SO4, this irreversibility 

rate was 70%. The third weekly H2SO4 irreversibility rate was 62 %. The addition of acid 

tended to have a stabilized operation. The changed from the weekly to daily H2SO4, the 

irreversibility rate was 65%. So for additional of acid, the contribution of irreversible 

phenomena in fouling is almost the same when the change from weekly to daily.  

The main fouling mechanism for a chemical pretreated water seemed to be linked 

to physico-chemical interactions between the remaining compounds (probably including 

organic colloids, cell debris, and organic molecules) close to the UF membrane surface. 

This trend is likely due to the fact that shearing stress can more efficiently wash out tightly 

bound foulants from the membrane that would not be removed by physical cleaning 

(Remize, Guigui, & Cabassud, 2010). Other studies indicated that using dual CEB, would 

get a better cleaning efficiency. Remize et al. , observed that increasing BWTMP from 1.2–

2.0 bar in the filtration of surface water with UF membranes resulted in an increase in the 

foulants removed from the membrane (from 25 to 44%). These results are partially in 

concordance with the ones obtained in the first acid addition the rate dropped due that fact 

that thicker cake formed as the TMP increase, therefore after applied the second sequence, 

the cake layer got removed.   
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Figure 2.2-3 Effect of CEB cleaning on the percentage of irreversible fouling over the 

total membrane fouling. 

2.3     Composition of CEB Wastes with Different Cleaning Protocols 
 

UF membranes are sporadically backwashed with ultra-filtered water to remove 

deposited matter from the membrane and restore its original permeability, in the measure 

of the possibilities. Several factor are involved in this renovation, which may cause that the 

permeability is not reestablished fully. In order to prove the effects of acid CEB on organic, 

inorganic and microbial characterizations were made. A brief description on the nature of 

characterization and relevant water quality as indicators are summarized below for each 

type of fouling. 

2.3.1 Removal of Organic Foulants  
 

Figure 2.3-1, compares the concentration of organic fraction DOC in a combination 

of chemical cleaning and the acid interaction with organic fouling as analyzed by LC-OCD. 

The First step of CEB sample which was hydraulic cleaning which is backwash without 

dosing chemical, in which was found little removal of organic composition, then the 

chemical cleaning started with NaOCl, during dosing the NaOCl the sample was taken at 

60 seconds and it removed most LMW neutral. It also removed biopolymers with 0.629 

mg/l. Forward flush Chromatographs after chemical cleaning showed no removal of 

organic substance. Second CEB started with hydraulic cleaning, which gives a higher 

removal of LMW Neutrals and removed a small amount of biopolymers, and then the acid 

cleaning removed biopolymers 1.010 mg/l.  

Based on the other studies, acids are used mainly for removing scales and metal 

dioxides from fouling layers. When membrane is fouled by iron oxides, citric acid is very 

effective due to the fact that it not only dissolves iron oxides precipitates, but it also forms 

complex with iron. Not to mention that, some of organic compounds such as 

polysaccharides and proteins also hydrolyze. As a result, acid cleaning proved its 

effectiveness in the removal of organic compounds. (Liu & Caothien, 2001) 

The next step is to forward flush, but this showed no effect of the removal of DOC. 

This step is in place to wash the chemical and air trapes from the system. Finally, after 
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CEB in two hours, UF filtrate samples were taken to study the organic removal, the 

conclusion was that there was no removal of DOC. 

Biopolymer removal was witnessed for both NaOCl and H2SO4 cleaning. 

Nevertheless, H2SO4 cleaning gave better removal efficiency in comparison with NaOCl 

the different concentration from NaOCl to acid is 0.381 mg/l which indicate the importance 

of using acid. 

The removal of humic substances and building block was lower in comparison to 

biopolymers. Great removal of LMW neutrals during NaOCl was found and also in 

backwash after applyingchlorine to the UF in the second CEB.  The different between the 

first and the second backwash was 10.366 mg/l. Which is a significant increase of removal 

due to the fact that chlorine removed the hydrophilic of DOC and the remaining 

hydrophobic of DOC. 

The exclusion limit of the column is defined by the left boundary of this fraction; 

the right boundary is defined by the left slope of the HS-fraction. The fraction elutes close 

to the exclusion volume of the SEC column which indicates that it must be a hydrophilic 

fraction with a high molecular weight. It is essentially non-ionic as it is not removed by 

cation and anion exchange resins. As the column has a separation range of 0.1–10 kDa, the 

molecular weight of this fraction should be 10 kDa or higher. Biopolymers higher than 

20,000, Humic Substance equal to 1000, BB between 300 and 500, and LMW neutrals 

lower than 350 (Huber et al. (2011). 

The main difficulty of hydrophilic organics removal is their passage from the 

dissolved/soluble state to the insoluble state. On the other hand, colloids are categorized 

both hydrophobic and hydrophilic. As expected, hydrophobic colloids do not react with 

water. Hydrophilic colloids react with water and organics causing color 

changes.(Ghernaout, 2014) 
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Figure 2.3-1 DOC fractions in different CEB solutions 

Figure 2.3-2, it can be stated that the highest concentration of total carbon removal 

from the UF was in the second and third sequences. Dissolved Organic Carbon (DOC) 

Removal was lowest in the first sequence at only 5.03%, while in the second and third 

sequences percentage DOC removal was 43.91% and 51.06% respectively. In the first 

sequence, physical cleaning of sequences one and two was not as effective as in the third 

sequence, during this sequence it washed out the layer after the first CEB. In the case of 

biopolymer removal, the three sequences had similar concentrations. Humic substance 

removal greatest value was 6.67% at the third sequence while the lowest removal was 

obtained at the first sequence with 2.2%. LMW neutrals peak removal was obtained at 

highest in the second and third sequences, with 53.3% and 62% respectively. In opposition, 

the lowest concentration was obtained at the first sequence where the value was 1.7 %, a 

result that is considered depreciable.  

Through the first sequence, the utilization of only one chemical might have resulted 

in changes from irreversible fouling to reversible fouling. In second and third sequences, a 

combination of two chemical was used. As a result, the initial stage was removed. In 

concordance with previous studies, biopolymers was found to be the most retained fraction 

in terms of percentage, not necessarily specific amount. (Haberkamp, Paar, & Pallischeck, 
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2011). This is in perfect synchrony with the results obtained where the hydraulic cleaning 

only removed polysaccharides. 

 

Figure 2.3-2 % Removal of organic carbon during hydraulic cleaning by LC–OCD 

In order to compare the concentration obtained by LC-OCD, Figure 2.3-3was 

plotted. It is notable that the higher concentration of total organic carbon removal from the 

UF was attained in the second sequence , biopolymers concentrations in the first sequence 

was 22.96%, and 43.64% and 33.41% in the second and third sequences respectively. The 

inorganic fraction but also organic compound which was an agreement with what other 

studies mentioned (Liu & Caothien, 2001) 

The highest removal of humic substance wherein the second and third sequence, 

with values of 4.4% and 4.8% respectively, while the lowest removal was obtained at the 

first sequence with 2.2%. Such removal efficiencies are comparable with previous studies 

analyzing DOC removal using LC-OCD, where biopolymer and humic substances removal 

varied from 57-82% to 0-27%, respectively, and as is to be expected due to the greater size 

of biopolymers  (Ferrer & lefèvre, 2016). 

In relation to the average building blocks, the results obtained are almost equal in 

the three sequences. During chemical cleaning on the UF process, a high removal of LMW 

neutrals were found at first sequence , with a value of 82.3% while in the other sequences 

the result was null.  
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In general, a decrease in humic substances molecular weight was observed on UF 

membrane treatment, as estimated from calibrations using International Humic Substance 

Society (IHSS) humic and fulvic acid standards. This indicates preferential removal of 

higher molecular weight humics. Almost no LMW neutral organic carbon was removed 

for any treatment plan sample  (Ferrer & lefèvre, 2016). Same results were found in this 

study, humic substance was mostly removed in the second and third sequence and lowest 

removal of LMW neutral 

Alkaline agents have also been reported to be effective detaching foulants since at 

high pH organic compounds are hydrolyzed presenting increased solubility and propensity 

to be detached from the membrane. (Ferrer & lefèvre, 2016).  The benefits of using NaClO 

are explained by the fact that this compound oxidizes the organic formulants accumulated 

on the membrane, generating more oxygen-containing functional groups, which due to 

their increase hydrophilicity are less attached to the membrane  (Ferrer & lefèvre, 2016).  

Alkaline cleaning is generally used to tackle organic and colloidal fouling, whereas 

acid cleaning is useful in moving inorganic scale. In addition, some of organic compounds 

such as polysaccharides and proteins also hydrolyze. (Shi, Tal, & Hankins, 2014). When 

the membrane is cleaned with a high pH substance, the cleaning solution changes its color 

to light brown  (Graham, Reitz, & Hickman, 1989). Such color change was observed in 

sequences two and three. This brown color suggests organic removal by the solution. 

Likewise, it implies that the dominant type of fouling is organic. This phenomenon was 

observed only in the CEB sequence  
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Figure 2.3-3 % Removal of organic carbon during chemical dosing 

The figure below was plotted in order to study the removal of the organic carbon 

that could be eradicated using forward flush which the step after cleaning the UF with 

chemical. This figure shows an estimation of carbon removal through the different organic 

substance. The highest removal of Biopolymers was on second sequence. It clears all the 

accumulation and reversible fouling of biopolymers. The removal of a humic substance 

and building block were equal with removal around 2%. It can be  concluded that during 

chemical cleaning on the UF process, a high removal of LMW neutrals were found at first 

sequence, with a value of 82.3% while in the other sequences LMW Neutrals were removal 

was marginal. LMW Neutrals were targeted in the first sequence, using oxidant. It removed 

LMW neutrals for each step in the process.  

The detachment of biopolymers may be explained by the fact that the constituents 

of the BP fraction (polysaccharides and proteins) are hydrolyzed at high pH and oxidized, 

increasing their solubility and therefore being more prone to be detached from the 

membrane  (Ferrer & lefèvre, 2016) 

Humic substance was found to be most retained fraction in terms of amount. Humic 

substance is considered by some studies of minor relevance in terms of fouling due to their 

high transmission through the mesoporous UF membrane, whereas it is considered a 
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detrimental fouling causing severe hydraulically irreversible fouling by some other  (Ferrer 

& lefèvre, 2016).   

 

Figure 2.3-4 % Removal of organic carbon during forward flush after chemical cleaning  

Figure 2.3-5, was plotted in order to compare the organic composition variations over time, 

using the different chemical cleaning schemes. Biopolymers were removed by both NaOCl 

and H2SO4 CEB. Highest concentration observed at samples taken at 60-70s of CEB, 

where the biopolymers showed 2mgc/l. Also, it exhibits its minimal composition at 110 

seconds using NaOCl only. However, NaOCl and weekly acid also showed a good 

performance, where the composition of biopolymers obtained was 0.5mgc/l. The selection 

of cleaning sequence is ruled by the feed water and the type of fouling. Apparently a 

predominance of hydrophobic NOM favors alkali followed by acid, whilst predominantly 

inorganic scaling or metal hydroxide precipitates favor acid-alkali (Porcelli & Judd, 2010). 

With base in the Figure 2.3-5, it can be stated that for biopolymers, the worst 

scheme is NaOCl cleaning only while the best was acid followed by NaOCl. This is the 

opposite of the literature review. Nevertheless, this could be attributed to the unique 

characteristics and composition of thisparticularly sea water. Therefore, Cleaning sequence 

application is known to affect the degree of permeability recovery. This could be explained 

by the effect of the charge on the membrane surface and foulants following the alkaline 

clean, along with swelling of both the foulant layer and the membrane at higher pHs 
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(Porcelli & Judd, 2010). This enhances the cleaning reagent mass transfer for the 

subsequent step. 

 

Figure 2.3-5 biopolymers concentration through chemical dosing schemes in time 

Low molecular weight neutrals mainly removed by NaOCl CEB, with increasing 

concentration, observed in CEB samples through time. This removal happens at the end of 

chemical cleansing which is opposition to biopolymers removed at the beginning of the of 

cleaning process. The concentration of biopolymers input materials are biodegradable over 

time, and therefore decreases slightly too low molecular weight that remains fairly 

constant.  
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Figure 2.3-6 LMW Neutrals concentration through chemical dosing schemes in time 

5.3.1 Removal of Inorganic Foulants  

Based on the figure below, it can be stated that the oxidants were significantly poor 

cleaning agents for inorganic compounds. Case in point, there was no effect in the presence 

of Fe, Al, SiO2 and Mn. In the other hand, acid is an effective agent most notably for the 

elution of inorganic composition. Also, the combination of NaOCl followed by H2SO4 

seem appropriate for removing iron. Then it can be concluded that, NaOCl was not capable 

to remove inorganic foulants. 

 Second, third and fourth sequences resulted in being the better alternatives. The 

removal of Al and Fe were found on the second and third sequence during the chemical 

dosing with the value 3.4, 10 and 4.33, 11.52 mg/l respectively. Forward flush removed 

the highest amount during the second sequence. The best removal of inorganic compound 

was the second and last sequence.  

The concentration of inorganic compounds shown in Figure 2.3-7 makes possible 

to state that the concentration of silica during the cleaning process depends on the cleaning 

sequence used. There was not removal of silica on the first sequence, as seen in 

Figure 2.3-7.  When comparing the silica removal of last three sequences, The highest 

value was found at during chemical cleaning at weekly acid followed by daily oxidant with 

the value of 4.8 mg/l. While the lowers value was 1.09 in the second sequence.   
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 Othere Studies indicate that an alkali followed by an acid clean is more effective 

than the reverse. This could be explained by the effect of the charge on the membrane 

surface and foulants following the alkaline clean, along with swelling of both the foulant 

layer and the membrane at higher pHs(Porcelli & Judd, 2010).  

Acid cleaning aims to remove multivalent cationic species such as in hardness salts 

and metal hydroxides. Mineral acids, predominantly hydrochloric (HCl) and sulphuric 

(H2SO4) are commonly used, due to their low cost and both can be used in CEB and CIP 

down to pH level of 1.0 for PES and PVDF, below which integrity problems may arise 

(Porcelli & Judd, 2010)  

 Their removal might be an effect of the precipitation in the form of hydroxides, 

which are known to form a slimy fouling layer, and to a lesser extent to complexation with 

organic matter which is in turn retained by the UF membrane (Shi et al ., 2014). Acids are 

mildly oxidative for NOM, forming soluble aromatic aldehydes and acids at NOM  

While the no effect of silica removing when apply a forward. In that order of ideas, 

it can be stated that the concentration of silica shows a better range of removal in basis 

media, when it is added first. Also, in study carried by (Sahachaiyunta & Koo, 2002)  silica 

shows better results during chemical cleaning rather than hydraulic cleaning. In 

concordance with our results. 

Silica is commonly found in water supplies in three different arrangements: namely, 

reactive silica, colloidal silica and particulate silica. Reactive silica is also known as 

dissolved silica. Which is silicon dioxide dissolved in water, creating a compound known 

as monosilic acid (H4SiO4). Colloidal silica is thought to be either silicon that has 

polymerized with several units of silicon dioxide or silicon that has formed loose bonds 

with organic or with other complex inorganic compounds. Particulate silica has a larger 

size and is mostly comprised of sand or suspended solids in water  (Sahachaiyunta & Koo, 

2002).  

In addition to fouling of RO units, colloidal silica has been known to create 

problems in water treatment processes due to its stability as an un ionized compound, which 

makes it difficult to be removed using ion exchange processes. Also, it can cause severe 
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fouling of ion exchange units when colloidal silica level is exceedingly high 

(Sahachaiyunta & Koo, 2002). 

 

 

Figure 2.3-7 Concentration of inorganic compounds at different cleaning processes  

5.3.2 Removal of Microorganisms  

The figure below shows the bacteria cleaning efficacy in different cleaning 

mechanisms. It is evident that the bacteria count when only hydraulic cleaning and NaOCl 

is the highest in comparison with other mechanisms using chemical treatment. in this 

scenario, bacteria was removed during the hydraulic cleaning. 

Also, the figure shows that other mechanism, are more efficacy eliminating 

microorganisms and that this efficacy is independent of the combination used. All of this 

steps indicated values approximately 0 BQV except for the first step of first sequance 

which showed the heghest bacterial count 21306 BQV. Which is an evidence that the 

different chemical treatments applied are effective in microorganisms’ removal. 
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Figure 2.3-8 Chemical cleaning efficacy on the live bacterial count 

Figure 2.3-9, microbial shows different morphology. Bacteria characterized by 

this form is usually associated to water with high microbial grow. This type of species 

are rod-shaped. Endospore-forming microorganism aerobic or facultatively anaerobic. 

The several species of the genus demonstrate a wide range of physiologic abilities that 

allow them to live in almost every natural environment. The spores are resistant to 

extreme temperatures, radiation, desiccation, and disinfectants. (Turnbull, 2016) 

Nevertheless, water contains a wide spectrum of microorganism including 

bacteria, as stated before, algae and fungi. Microbial activities lead to formation of 

biofilms on the membrane. Biofouling is commonly controlled using chlorine and 

biocide cleans. (Yan Lai, Groth, Gray, & Duke, 2014) 
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Figure 2.3-9 SEM of microbial showing different morthology 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



57 
 

 
 

Chapter 6 

3. Conclusion 

Membrane cleaning is the one of the most important steps to carry, when 

maintaining the permeability and selectivity of the membrane is crucial. It is the most 

common scenario. It is essential the restoration of the plant original capacity, in order to 

minimize contamination and produce acceptable products without bacteriological 

pollution. Cleaning regimes and mechanisms are diverse, as well as fouling types. 

Nevertheless, the most commonly used methods include groups of physical and chemical 

methods. But, non-conventional methods include ultrasonic and electrical cleaning. The 

cleaning process depends specifically on the situation, in which can include several steps. 

Cleaning protocols adopted by various industries consist of a hydraulic wash prior and after 

chemical and biological treatment. But, as mentioned before, the detailed cleaning flow 

has to be designed for each particular scenario in order to allow its optimization. Choosing 

suitable cleaning agents and their concentration is a precise part of the cleaning process 

parameters. The hydrodynamics, pH, and temperature roles is vital to the procedure. As 

well as the order and duration of cleaning steps. The approaches of evaluating cleaning 

efficiency are detailed, containing a number of modern characterization techniques that 

will provide more insights into the mechanism, results and impacts of the cleaning process. 

The membrane disintegration caused by the cleaning process is exposed as membrane 

structural changes, embrittlement of membrane fibers, and as a diminution in filtration 

performance. Polymeric chain scission occurring in membrane materials is the most 

studied mechanism, it is due to the attack of oxidants in cleaning solutions to the 

membrane. 

Removal of DOC and inorganic compounds by pretreatment was not substantial. 

However, CEB with H2SO4 significantly improved UF hydraulic performance in terms of 

TMP control and permeability, as compared with oxidant CEB only. Better performance 

of acid CEB was attributed to better removal of high molecular weight organics 

(biopolymers), and higher removal of inorganics (Al, Fe, Mn, and SiO2). In terms of 

organic composition, CEB waste from NaOCl CEB mainly consisted of LMW neutral 
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organics, while CEB waste from H2SO4 mainly consisted of biopolymers. While no major 

benefit was observed from daily addition of acid CEB as compared with weekly acid 

addition. Furthermore, In terms of sequence of addition, acid followed by oxidant CEB 

performed slightly better in terms of inorganics removal (no data for organics), due to LC-

OCD was not working in the last sequence.  

Recommendations for further research follows that addition of acid prior to oxidant 

CEB must be reevaluated in terms of organics removal in the following order. Starting with 

Acid (H2SO4) dosing weekly, followed by oxidant (NaOCl), i.e., reverse Sequence II. Then 

next Acid (H2SO4) dosing daily, followed by oxidant (NaOCl), and finally Acid (H2SO4) 

dosing daily only, while taking calculations of water cost for all sequences 
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APPENDIX 
A. A summary of the PH Conductivity and TDS measurement results can be shown 

in the tables below; 

Table 7.1 Summary of the pH, conductivity and TDS of the first sequence 

 

Table 7.2 Summary of the pH, conductivity and TDS of the second sequence 

 

Table 7.3 Summary of the pH, conductivity and TDS of the third sequence 
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Table 7.4 Summary of the pH, conductivity and TDS of the fourth sequence 

 

B. A summary of the DOC measurement results can be shown in the tables below; 

 

Table 7.5 Numerical values of the LC-OCD results 
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C. A summary of the TOCmeasurement results can be shown in the tables below; 

Table 7.6 Numerical values of the TOC results 
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