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ABSTRACT 

Application of Pre-coated Microfiltration Ceramic Membrane with Powdered 

Activated Carbon for Natural Organic Matter Removal from Secondary Wastewater 

Effluent 

Novita Dwi Kurniasari 

 

Ceramic membranes offer more advantageous performances than conventional 

polymeric membranes. However, membrane fouling caused by Natural Organic 

Matters (NOM) contained in the feed water is still become a major problem for 

operational efficiency. A new method of ceramic membrane pre-coating with 

Powdered Activated Carbon (PAC), which allows extremely contact time for 

adsorbing aquatic contaminants, has been studied as a pre-treatment prior to 

ceramic microfiltration membrane. This bench scale study evaluated five different 

types of PAC (SA Super, G 60, KCU 6, KCU 8 and KCU 12,). The results showed that 

KCU 6 with larger pore size was performed better compared to other PAC when 

pre-coated on membrane surface. PAC pre-coating on the ceramic membrane with 

KCU 6 was significantly enhance NOM removal, reduced membrane fouling and 

improved membrane performance. Increase of total membrane resistance was 

suppressed to 96%. The removal of NOM components up to 92%, 58% and 56% for 

biopolymers, humic substances and building blocks, respectively was achieved at 

pre-coating dose of 30 mg/l. Adsorption was found to be the major removal 

mechanism of NOM. Results obtained showed that biopolymers removal are 

potentially correlated with enhanced membrane performance.  
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CHAPTER I:  INTRODUCTION 

1.1 Background 

Water supply is becoming more important for people and ecosystems these days. 

The Earth is covered by 70.9% of water but the availability of freshwater is only 

about 3.0% out of total available water. Data show that 2.0% of available 

freshwater is isolated in polar ice and also in groundwater [1]. This lack of 

freshwater has been contributing to global water shortage problem. Besides, 

population growth, increasing demand on energy, shifts of lifestyle due to 

economic growths, agriculture and influence of climate change on pattern of global 

runoff and also a deteriorating water supply system are most likely exacerbating 

global water scarcity [2, 3].  

Approximately 2.4 – 2.7 billion people in the world are living under severe water 

shortage condition. This condition is revealed to a ratio of periodic water 

withdrawal to runoff  which is more than 24% - 40%, and the blue water footprint 

as the stage of water consumption is reaching to 60% - 76% of total withdrawal 

from rivers and groundwater [2, 3]. Figure 1.1 shows the water availability 

throughout the world. However, interestingly, water scarcity also occurs in areas 

where a high water availability is taking place (e.g. most of countries in South 

America) [4]. Moreover, Figure 1.2 illustrates a scarcity index where water stress is 

becoming higher in regions with higher scarcity index. Based on this parameter 
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index, Northern China, Middle East, and the Western and Middle coast of the US are 

experiencing high water stress [3].  

 

Figure 1.1 Global water availability per capita per region 

[4] 

 

Figure 1.2 Water scarcity index  

[3] 

Water shortage introduces economic and social impacts around the world. As 

water availability is limited, the economic activities such as agriculture, industry 



14 
 
and also tourism are also restricted, hence affecting economic growth. As a result, 

food production is not sufficient to fulfill needs within the region. Human migration 

may also be generated, since stressed water areas are often associated with 

poverty, hunger and also exceeding population growth, making regional conflict 

possible. The fact of poor water distribution and sewer system within the area 

might enhance the risk of health associated problems [4]. 

Despite adequate water supply being a fundamental necessity for human being, 

especially in water scarce regions, water supply is still challenging for the entire 

world these days [3]. Furthermore, the World Water Assessment Program (WWAP) 

reveals that up to 70% of available freshwater is currently being used for 

agricultural activities while 22% for industries and only about 8% out of total is for 

domestic uses [5]. Therefore providing alternative sources of water (e.g. 

wastewater reuse, brackish water and seawater desalination) might be promising 

solutions to save freshwater for another important purpose (e.g. potable water) [6]. 

For example, Japan is currently recycling up to 80% of used water from industries 

as an effort of supplying adequate water to society [3]. However, advanced water 

treatment technology has to be applied for new source of water purification in 

order to meet more stringent water regulation, not only for drinking water supply 

but also discharged water. This leads to the innovation of membrane separation 

technology that employs physical separation as its driving process. By this 

technique, all targeted compounds within the feed water can be removed by a 

smaller pore size than embodied matters [6, 7]. 
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Membrane technology is commonly divided into two categories based on the 

applied pressure: high that are Reverse Osmosis (RO) and Nanofiltration (NF) and 

low pressure that are Ultrafiltration (UF) Microfiltration (MF) membranes. The 

difference between them is in the pore size. The smallest the pore size means the 

higher required pressure to operate because of the increase in membrane 

resistance. Moreover, there is also a difference in process removal mechanisms 

(physical removal or straining, concentration polarization, diffusivity or difference 

in the solubility), where the separation mechanism in high pressure membranes 

(so called dense membranes) is driven by solubility and diffusivity of molecules 

relative for the membrane material; while size exclusion is the removal mechanism 

in low pressure membranes (porous membranes) [8, 9]. High pressure membranes 

have pore sizes ranging in nanometer, while low pressure membranes are in the 

range of micrometers. Consequently, MF represents the least retainable sieve 

compared to others. Therefore, MF is solely targeting particulate and colloidal 

fractions as well as large size of microbial organisms (e.g. bacteria and giardia cyst) 

in the feed water, as shown in Figure 1.3 [10]. MF is employed mostly as  a 

pretreatment step, replacing conventional treatment processes (rapid mix, 

coagulation/flocculation, sedimentation, filtration) for advanced treatment (e.g. 

RO) to remove particulates (e.g. in Orange County, USA) [1, 11]. Data show that 

application of low pressure membrane for wastewater reuse has been reaching up 

to 22% worldwide (14% in the Middle East) and might be increasing in the future, 

as shown in Figure 1.4 [11]. Thus, MF might be a solution to enhance quality of new 
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sources of water (e.g. wastewater effluent) and replace conventional water 

treatment processes for cost and labor efficacy. 

 

Figure 1.3 Membrane filtration spectrums 

[12] 

 
 

Figure 1.4 Global distribution of volume application of low pressure membrane (left); Global 

application of low pressure membranes MF, UF, MBR (right) 

[11] 

Many research studies have been conducted in water treatment in developing MF 

membranes as a treatment process to purify impaired water, especially surface 
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water and wastewater effluent [7, 13-15]. The types of MF membrane materials are 

organic (e.g. polymer) and inorganic (e.g. ceramic) membranes [16]. Polymeric 

membranes are more widely used over ceramic membrane in the area of water 

treatment these days, although application in many others area had been 

intensively attempted long time ago (e.g. recovery of catalyst in chemical processes, 

separation of biomass in wastewater, separation of oil-water and also in many 

beverages field application) [17]. However, the properties of ceramic membranes 

(excellence thermal, chemical and mechanical resistance) make them attractive 

over polymeric. By these attributes, ceramic membranes can withstand high 

thermal conditions and aggressive cleaning chemicals, with a high separation 

efficiency contributing to high filtration rate, long term lifespan and relatively high 

pressure tolerance in many applications [15-18]. These factors potentially 

contribute to more popularity of ceramic membrane applications in the future.  

The application of MF membrane has been challenged by fouling problems due to 

presence of Natural Organic Matter (NOM) within raw water. Despite NOM being 

known as a precursor to Trihalomethanes (THMs) and Disinfection by-products 

(DBPs) and odor related issues in drinking water treatment processes, NOM 

contributes to fouling in low pressure membrane and associated operation leads to 

a reduction in membrane operation performance and decreased product water due 

to flux decline [13, 19-21]. This problem might be resolved by employing pre-

treatment before the MF filtration step. Numerous attempts to prevent fouling in 

the MF process have been intensively researched, notably by modifying membrane 

surface, material and system design. One can modify system design such as adding 
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a coagulant agent (e.g. FeCl3, Al2SO4) or adsorbent agent (Powdered Activated 

Carbon (PAC) and Magnetic Ion Exchange Resin MIEX®), altering a hydrophobic 

into hydrophilic membrane surface which is more favorable to constrain fouling 

potential, and also coat the membrane surface with materials such as PAC and 

metal-oxide [14, 22-26].  

Application of PAC in drinking water treatment has been known practiced for a 

long time. PAC is an attractive pre-treatment due to its relatively cheap material 

which is charcoal and coconut shell wastes. The most common application is mostly 

by direct mixing/ pre-loading PAC to the feed tank before the membrane filtration 

step.  This method clearly needs an adequate period of contact time to allow the 

adsorption process of targeted constituents within feed water to PAC. Contact time 

is usually associated with process cost. Therefore, a new novel approach has been 

developed by modifying the surface of the membrane with PAC pre-coated to 

reduce the long contact time required in a direct mixing technique. As a result, this 

new approach method can minimize process contact time and the PAC might also 

be reused for several specific conditions, such as if PAC has not yet been exhausted.  

1.2 Research objectives 

This research work focuses on investigation of the performance of a new approach 

method of pre-coated PAC to MF ceramic membrane surface in removing NOM 

constituents (mainly are biopolymers and humic substances) contained within 

secondary wastewater effluent treatment by bench scale experiments. The method 
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of pre-coating was examined by forming a good pre-coat layer with five different 

types of PAC on the membrane surface. This experimental work then covered 

performance of fouling experiments. As a consequence, this study was expected to 

achieve the goals following: 

1. Characterizations of PACs (pore sizes and particles sizes). 

2. To assess the performance of different PACs (new generation of carbons 

compared to commercial carbons) on Fouling reduction/control with pre-

coated ceramic MF membrane. 

3. To assess NOM removal achieved by pre-coated ceramic membrane compared 

to adsorption. 

1.3 Problems definition 

The preceding objectives of this work could be achieved by addressing the 

following general and specific questions. The main issue is the short contact time 

between PAC and feed water containing NOM within the experimental process that  

brings into consideration its efficacy in removing NOM constituents (mainly 

biopolymers, humic substances and building blocks) as compared to the removal 

performance of PAC adsorption (batch experiment method). The next problem is 

the association of achievable removal of NOM to fouling mitigation within 

membrane filtration experiments. Following these general questions, several 

specific questions, which are: 

1. Should the comparative study of 5 different PACs be conducted? 
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2. Can the adsorption capacity towards NOM constituents (biopolymers, humic 

substances, building blocks and UV254) be determined? 

3. What is the extent of the performance of the pre-coated PAC layer on the 

membrane surface in terms of enhanced membrane performance which 

correlates to NOM removal? 

4. Does PAC contribute to fouling during the filtration experiments? 

5. What are the possible removal mechanisms within the process? 
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CHAPTER II: LITERATURES REVIEW 

2.1 Ceramic (MF) membrane  

Microfiltration (MF) membranes are generally made from organic material (e.g. 

polymeric membrane) which is economically efficient for water treatment 

application in the past few decades. On the other hand, a recently comer ceramic 

membrane which is made by inorganic material has been introduced, thus might be 

a promising competitor against polymeric membrane, although only a few studies 

had been done to understand its performance in liquid separation, especially in 

water treatment area. However, the emergence issue of wastewater reuse in 

accordance on previous explained background and remarkable performance (that 

is further related to the cost issue) of ceramic membrane itself has brought its 

accelerated performance in water treatment these days [15, 18, 27].  

Ceramic membrane utilization was formerly not only for gas – gas separation but 

also known to be commercially developed in 40 years back for nuclear industry in 

France, then after 1980s  ceramic membrane began to be employed in liquid 

separation as microfiltration process [18, 27, 28]. Application for production of 

potable water was initiated in 1990 [28, 29]. Moreover, ceramic membrane had 

been used in numerous applications in various industrial activities had, e.g. 

separation of oil and water in compressor condensation and refinery wastewater of 

vegetable oil production, coolant lubricants, bath degreasing, process water 

filtration, recovery of catalysts in chemical process industry, wastewater treatment 
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process in separating biomass, solids and bacteria filtration from beverages 

product (such as juice, milk and wine) and treatment of pulp and paper mill 

effluent  [17, 28].  

Generally, a variety of stable inorganic materials, such as alumina, silica, titania, 

zirconia and also silicon carbide are mostly being basic material to develop ceramic 

membrane with the  range of pore size of 0.005 µm to 2 µm [17, 18, 30]. Basic 

material of most of ceramic membrane is alpha-alumina which known to have high 

durability, strength, resistance to chemicals and also hydrophilic. This 

hydrophilicity of alumina layer in ceramic membrane is used in oil-water 

separation by passing only the water and retaining the oil in petrochemical 

industry [28]. The porous multi-layer of ceramic membrane is gradually increased 

in size and consists of at least two up to three layers which are micro porous, 

mesoporous and macro porous (as shown in Figure 2.1 below) [17, 18]. The micro 

porous top layer is responsible for providing efficient selectivity and separation 

due to its direct contact with aquatic contaminants that are contained in the 

untreated feed water, while the last macro porous support layer gives mechanical 

strength to the membrane. The membrane roughness is reduced by intermediate 

mesoporous layer [18]. Therefore, ceramic membrane becomes superior in 

thermal, chemical and mechanical resistance [15, 17, 18]. It is highly outstanding 

against aggressive chemicals, such as hydrocarbons, oxidants and organic solvents 

and also including dangerous hydrofluoric and phosphoric acids when ceramic 

membrane is made from pure titania, thus abrasion and corrosion could be 
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avoided. Furthermore, it also can withstand against extreme temperature up to 

300°C, entire range of pH (0 to 14) and also under high pressure (up to 30 bars). 

Consequently, ceramic membrane has long life span even under high flux 

operational condition [18, 27]. The capital cost and self-weight of ceramic 

membrane are reasons of its weakness against polymeric membrane [18]. 

However, noting that ceramic membrane has long life span (approximately 15 

years) and resistance against chemical cleaning thus could minimize probability of 

membrane loss, has proved its weaknesses. Whereas, data showed that capital cost 

of ceramic membrane has become comparable to capital cost of polymeric 

membrane (shown in Figure 2.2) [30]. As a result, those mentioned factors had 

raised ceramic membrane popularity in water treatment study. 

The two different applied operational modes in MF membrane are cross-flow and 

dead-end filtration mode [18, 27]. Those two modes differed in percentage of feed 

water being treated into permeate. In cross-flow mode only a portion of feed is 

being treated into permeate while other portion is being retentate (concentrate) 

while whole feed water is treated in dead-end filtration. The flow of feed stream is 

parallel to membrane surface while in dead-end filtration is perpendicular. As a 

result, cake layer is most probably formed during dead-end filtration mode. In 

cross-flow filtration, the particle deposition is swept by maintain constant cross-

flow velocity which created turbulence on membrane surface [18]. As a 

consequent, dead-end filtration is applied when the feed water contains low level 

of particulates (e.g. sewage treatment effluent) to avoid shorten life span of 
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membrane due to cake layer deposition on membrane surface, thus this mode 

requires lower energy demand than cross-flow filtration [10]. 

 

Figure 2.1 Sketch and SEM image of cross section multi-layer ceramic membrane 

[18] 

 
Figure 2.2 The membrane cost trend of organic membrane and average cost of inorganic membrane 

in 2006 

[30] 
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2.2 Natural Organic Matter (NOM) 

2.2.1 Definition 

Natural organic matter (NOM) can be defined as a different mixture contains in all 

water body generated mostly from plant and animals decomposition that diverse in 

its functional groups as well molecular weight (e.g. carboxylic acid, hydroxyl, 

phenolic and carbonyl groups) [20, 21, 31-33]. NOM is most likely to present in all 

water body within whole range of concentration depends on seasonal condition 

(related to temperature) and character of associated water body. This complex 

structure component is composed by particulate, dissolved and colloidal matters 

that in drinking water treatment is considered to be either autochthonous (derived 

from terrestrial runoff and percolation) and allochthonous (generated from 

macromolecules cells),  depending on their background [20, 34, 35]. Although there 

is no vivid contrast between particulate and dissolved matters, but it is common to 

separate those two different matters by 0.45 µm filtration [35]. Besides, NOM is 

also derived based on acidity as well as hydrophobicity, ranging between 

hydrophilic (HPI) and hydrophobic (HPO) NOM which could be basic, neutral or 

acid, so configuring NOM into HPI bases, HPI neutrals, HPI acids, HPO bases, HPO 

neutrals and HPO acids. Several examples of matters included in HPI bases, HPI 

neutrals, HPI acids, HPO bases, HPO neutrals and HPO acids are presented in Table 

2.1 below [36].  

Total organic carbon (TOC), particulate organic carbon (POC) and dissolved organic 

carbon (DOC) are common parameters to assess NOM contained in the water [20]. 
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Approximately 50% of DOC is represented as humic substances (HS) that is HPO 

while 25% is TPI and the other 25% represented as HPI fractions [20, 21]. In the 

past study of [35] explained the mechanism of estimating TOC is by ignition which 

might be the oldest method for quantifying organic matter. Initially, the sample is 

dried by evaporating at 105°C then the remaining materials is further ignited up to 

600°C in order to decompose CaCO3. As a consequence, the amount of organic 

matters within the water sample is equal to the difference between weights of 

residues after first and second ignition. However, ignition method is no longer 

applicable nowadays as there is more invention in advanced technology, especially 

in the area of analytical chemistry, notably in water treatment industry. Several 

advanced method are introduced to ease the researcher for insight study of NOM 

characterization, namely TOC analyzer, high performance liquid chromatography 

(HPLC) and liquid chromatography with organic carbon detection (LC-OCD). 

Table 2.1 Examples of NOM substances  

NOM  portion Example of matters 
Hydrophilic bases Protein, amino acids, amino sugars 
Hydrophilic neutrals Oligosaccharides, polysaccharides 
Hydrophilic acids Sugar acids, fatty acids 

Hydrophobic bases 
Proteins, amino acids, amino sugars, 
aromatic amines 

Hydrophobic neutrals 
Hydrocarbons, pesticides, carbonyl 
compounds 

Hydrophobic acids HS (humic and fulvic acids) 
Adapted from [36] 

Heterogeneity of polyelectrolitic components of NOM yields an intricate 

quantifying and characterizing NOM. Numbers of researches has been successfully 

proved of NOM heterogeneity that brought its complexity in terms of structure and 
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functional properties associated with its reaction with other interested chemicals 

[31, 37]. A study of [37] suggested that NOM isolation was done for pursuing better 

understanding of possible reactions and interaction mechanisms with interested 

chemicals and/or contaminants.  

2.2.2 NOM moieties 

a. Humic substances (HS) 

Humic substance (HS) or HPO fraction (autochthonous) of NOM is the considerable 

building portion to NOM that is commonly composed by two negatively charged 

sub-moieties which are humic acid (HA) and fulvic acid (FA). These colored matters 

are derived mostly by leaching of vegetative debris and runoff from terrestrial area 

into water body that prevailing allochthonous NOM, thus this process is called 

humification [34, 38].  

 

Figure 2.3 Proposed chemical structure of humic acid  

[39] 
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Figure 2.4 Proposed chemical structure of fulvic acid 

[39] 

Humic acid and fulvic acid components are differ in solubility, adsorption capacity 

and molecular weight (MW) which HA attributes to higher MW and adsorption 

capacity than FA, whereas FA associates more soluble than HA [31]. While FA is 

soluble within whole range of pH in aqueous solution, HA is only soluble under high 

pH (basic condition) while insoluble under acidic condition (pH=2). The properties 

of HS is based on the contained functional groups which are carboxyl (-COOH) and 

methoxyl (-OCH3), ketone (C=O), alkene (C=C) and aromatic groups (e.g. phenol 

and quinone) which equipped with aromatic rings [35, 37]. Amino acids and sugars 

are also present in HS by the existence of carboxyl and phenol ‘aromatic’ groups. As 

can be seen in Figure 2.3 and Figure 2.4 above that humic and fulvic acid are 

composed by aromatic rings. Consequently, this polymeric product is not only 

capable to take an important role not only as cation exchangers that bring 

possibility to interact with metals to further form metal complexation but also 

exhibit high specific UV absorbance (SUVA) as the representation of aromatic 

character within organic matter [33, 35, 37].  
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In the study of [37] revealed that HS has relatively high adsorption of UV visible 

range due to its high contain of aromatic group. Level of aromacity of each NOM 

components can be measured by 13C-Nuclear magnetic resonance (13C-NMR) 

spectroscopic analysis, based on [37] study, the analysis showed that HA attributed 

to the highest aromacity level (44.7%) whereas 34.2% to polyphenolic-rich (PPC) 

NOM and 14.2% to carbohydrates-rich (CHD) components. HA exhibits abundance 

amount of aromatic alkene (C=C) and methoxyl (-OCH3) while CHD contains the 

lowest amount of those aromatic group. The presence of ketonic and phenolic 

group in HA and PPC establishes strong fluorescence intensity, however ketonic 

group in CHD which considered as non-humic substances also affects its low UV 

sorption capacity. The oxygen, carbon contained of NOM portions in mass 

percentage is presented in Table 2.2 below as suggested by [37]. In conclusion, UV 

visible range sorption capacity and fluorescence intensity are influenced by carbon 

contained which bring NOM fraction to certain level of aromacity. 

Table 2.2 Oxygen and carbon content within NOM  

NOM fractions Oxygen (%mass) Carbon (%mass) 

Humic acid-rich 39.3 53.3 

Polyphenolic-rich 48.4 46 

Carbohydrates-rich 48.4 40.7 

Cited from [37] 

b. Non-humic substances 

Approximately about 50% of NOM portion (TPI and HPI fractions) is represented 

as non-HS, which conceived as not only HPI acids and bases fraction but also 

neutrals [20]. HPI fractions consist of high MW colloidal organic matter (e.g. algae 
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and bacteria), fatty acids and protein macromolecules compounds or 

polysaccharides-like substances (carbohydrates and cellulose) is considered to be 

allochthonous NOM based on source of generation [20, 21, 40-42]. As in previous 

discussion, carbon content is considered as aromacity factor of NOM, thus these 

compounds exhibit lower response to UV absorbance than HPO fractions due to 

minor amount of aromatic group within HPI organic compounds [21]. In addition 

high amount of oxygen (compound and structural form contained oxygen) as 

shown in previous Table 2.2 was considered to be another reason for low UV 

sorption capacity in CHD. In [43], result study showed that hydrophilic NOM 

fractions is barely removed within water treatment process. 

2.23 NOM involved in membrane fouling 

NOM has been reported as an important obstacle in water treatment area which 

causes fouling on the membrane surface. This inevitable fouling phenomenon 

occurred when NOM is accumulating on the membrane surface that forming ‘cake 

layer’ afterwards as well as blocking the pores of the membrane, thus membrane 

performance might be possibly degraded which lead to decreased of membrane 

production over time [15]. The raw feed water quality (DOC contained) which 

associated with NOM contained, especially large MW of NOM (colloidal organic 

matter) was evidently involved to fouling phenomenon [40]. [38] stated that there 

are numbers of factors that might govern fouling by organic matters including NOM 

and membrane characteristics and also the feed water composition (raw water 
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quality). Therefore, it might be significant to analyze feed water that would be used 

in an experiment to fully understand its effect to fouling by organic matters.  

Numbers of previous studies had evidently showed that HPI fractions that consist 

of large MW of NOM (e.g. algae and bacteria), colloidal macromolecules compounds 

or polysaccharides-like substances are causing significant fouling on low pressure 

membrane operation [15, 21, 40, 44]. Moreover, [25] explained that although most 

of DOC components has been successfully removed by a treatment process but 

problematic fouling still occurred if high MW organic matter remains in the system. 

Thus, it means that colloidal organic matter has very important role in fouling 

phenomenon within low pressure membrane operation. In the study of [33], it was 

proven that neutrality of polar amino sugar contained in feed water indicated 

significant fouling potential. While in [15], the fouling within this study was mostly 

caused by colloidal organic matters which was further successfully degraded better 

by pre-ozonation than coagulation as pre-treatment step for treatment of 

secondary wastewater effluent. The reason behind better removal in pre-ozonation 

was that pre-ozonation significantly degraded the large organic matters into lower 

MW organic matters and became DOC components; by that DOC concentration 

increased as large MW which were being degraded was increased.  

Colloidal organic matters were also proved to trigger significant fouling in low 

pressure membrane filtration [45]. This study which used natural waters 

(contained both organic and inorganic matters) showed an insignificant membrane 

fouling when abundance of particulate matters was present within natural feed 
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water (only 6% of flux decline) while 94% of flux declined was exhibited when 

membrane treated high contained of dissolved matters (which contained with 

small colloids ranging about 3-20 nm in diameter size) of water. Organic colloidal 

matters were shown to be primarily foulants more than inorganic colloidal clay 

(aluminium silicate). Moreover, dissolved organic matters (DOM) ranging below 3 

nm in diameter size was proved to cause low fouling potential although it is 

fractionated to almost 85-90% of total DOM. This study proposed several 

possibilities of fouling mechanisms which are cake layer formation by particulate 

matter, pore penetration and clogging, adsorption into membrane pore by organic 

colloids thus decreasing membrane pore size.  

In the study of [20], it also revealed that organic colloids played notable role in 

membrane fouling. Colloid fractions which contained with protein-like substances 

within algal organic matter (AOM) and macromolecular compounds (yielded by 3D 

fluorescence excitation-emission matrix (EEM) and high-pressure size-exclusion 

chromatography (HP-SEC) analysis, respectively) evidently caused significant flux 

decline to both low pressure MF and UF membrane which correlated to fouling 

phenomenon. The identified stimulants of explained fouling phenomenon were 

pore blockage and cake/gel layer formation by proteins or polysaccharides 

contained in macromolecules and colloids. NOM colloids also reported to cause the 

membrane pore size reduction due to blockage and/or constringency of membrane 

pore by colloidal organic matters in feed water. The response peak intensity in 3D 

fluorescence EEM which refers to protein-like substances that responsible for 
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fouling is at excitation of ±280 nm and emission of 300 to 350 nm. Furthermore, a 

study of [46] distinguished the region of fulvic and humic-like fluorescence which 

are excitation of 320-340 nm and emission of 410-430 nm for fulvic-like 

fluorescence while excitation of 370-390 nm and emission of 460-480 nm for 

humic-like fluorescence. The described NOM distinction was based on their nature 

of hydrophobic or hydrophilic [47]. 

The influence of aromaticity of NOM contained in feed water was investigated by 

[44] which employed three chemically different surface waters. It was concluded 

that hydrophilic neutral fractions that consisted of colloidal portions were causing 

greater flux decline than charged NOM fractions (e.g. hydrophilic charged) and high 

aromaticity organic matters (e.g. hydrophobic acids consists of humic acids). It was 

observed in this study that colloidal organic matters in size of >30 kDa were 

responsible to significant fouling. The less fouling potential on hydrophobic 

membrane was exhibited when the feed water contained higher portions of 

charged organic matters. This might be due to charge repulsion between negatively 

charged membranes and also negatively charged associated organic matters. 

Neutral portions of organic matter were also possibly affecting membrane fouling 

due to polysaccharides substance contained. This related substance reduced the 

negative charge of membrane thus reducing the membrane contact angle which 

might be occurred by adsorption by small fractions combined by blockage by 

colloidal organic matters in the membrane pores. As a result, a higher fouling 

potential exhibited when hydrophobic membrane was applied than hydrophilic 
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membrane which is confirming a study of [38] which also stated that fouling by 

organic matters is considerably influenced by membrane hydrophobicity. 

Therefore, there might be influence of membrane properties (contact angle and 

hydrophobicity) as they evidently affect to the fouling propensity.  

In general, it strongly proved from several described literatures above that NOM 

characteristic in the feed water (e.g. abundance of colloidal organic matters) might 

potentially induce fouling phenomenon in low pressure membrane filtration. 

Membrane characteristics are also important to analyze as there must be 

significant interaction between membrane and organic matters within feed water. 

Hence, pre-treatment steps prior to low pressure membrane to reduce abundance 

of colloidal (high MW) organic matters would be considerably propitious action to 

prevent fouling on the membrane which might impact on optimization of the 

membrane performance or system production.  

2.3 Effluent Organic Matter (EfOM) 

In the US, a basic structure of regulation for discharging pollutants into the surface 

water was assigned by The Clean Water Act which specify for aquatic and wildlife 

and other uses including drinking water supply. The aim of this standard was to set 

the quality of the body water that receives pollutant from secondary WWTP 

effluent [48]. The secondary WWTP effluent itself contains degradation and soluble 

microbial products (SMP) by assimilation process of bacteria during wastewater 

treatment. However, this EfOM also contains NOM moieties, such as humic 

substances [48, 49]. EfOM is rich in dissolved organic nitrogent (DON)[50]. While, 
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NOM and EfOM differ on the origin of those aromatic substances, where EfOM is 

result from biological treatment process by bacteria within WWTP. SMP that 

contains within EfOM is a substrate metabolism which contains macromolecules 

and cellular moieties (protein and polysaccharides) [48]. Thus, EfOM has been 

proved to be a precursor to DBPs formation in finished drinking water due to 

numerous biogeochemical mechanisms e.g. photolysis, hydrolysis, biodegradation, 

adsorption and also volatilization [48, 50]. The product of biological treatment has 

been shown to be an important foulant in membrane system [51]. 

2.3 Pre-treatments required towards MF process 

2.3.1 Experienced pre-treatment processes  

Many studies had attempted to overcome fouling propensity which became an 

obstacle of the excellence application of ceramic membrane, in accordance with 

explained previous sections. There had been various proposed pre-treatments step 

prior to low pressure MF membrane (both polymeric and ceramic membranes), e.g. 

by modifying system design with addition of coagulation/flocculation, granular 

activated carbon (GAC), PAC, MIEX®, pre-ozonation step and also surface 

membrane modification which coated by several proposed materials, such as PAC 

and metal-oxide [14, 22-26].  

The application of MIEX®  in combination with PAC and alum as coagulant was 

studied in [25]. This laboratory scale study was utilized flat sheet MF membrane to 

filter several sources of water which varied in low and high DOC level. The 
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conducted protocol was by initially treating feed waters with MIEX® and further 

pre-treated by both alum coagulation and PAC followed by alum coagulation steps. 

Prevention of short term of fouling in flat sheet MF membrane occurred when pre-

treatment step removed high MW organic portions within feed water. However, 

others pre-treatment steps showed inability to prevent fouling when they were 

unable to remove high MW colloidal organic fractions although most of DOC 

components were removed by related steps. Moreover, this study concluded that 

colloidal organic components were highly responsible for the fouling occurred 

within the experiments. Moreover, it was shown that MIEX® was able to remove 

most of DOC components (in the range of high and medium MW) although it was 

ineffective to remove very high MW of organics. However, the remaining high MW 

of organics was then removed by alum coagulation. On the other hand, PAC was 

evidently only able in removing low to medium MW organic matters (300-1000 

Da). The argument behind this evidence was that PAC absorbent had limitation of 

physical pore size which might be too small to adsorb low MW organic matters.  

Simulated water with high content of HS was treated by a coagulation coupled with 

MF ceramic membrane system based on [26]. This study proved that hybrid system 

of ceramic membrane was effective to remove TOC up to 100% which also able to 

reduce organic compounds as well as turbidity to required level. The performance 

of hybrid system also evidently showed better than performance of coagulation 

and/or MF ceramic membrane separately.  
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In the study of [24], the application of iron oxide to coat ceramic membrane surface 

was investigated. The aim of this study was a successful removal of organic matter 

and phenols from influent of drinking water treatment plant and lake water. 

Moreover, the competition potential between NOM and phenols in iron oxide 

adsorption was also studied. Instead of using MF membranes, this study was using 

UF membrane to test the proposed pre-treatment process. It was evidently shown 

that there were no particles of iron oxide trapped inside the membrane pore due to 

the fact that the size of iron oxide particles are bigger than membrane pore size. 

This conclusion was supported by flux data that yielded the same flux when coating 

and non-coating membrane. Thus, it could be concluded that there would be no 

impact in membrane permeability when a material which has smaller particle size 

than the associated membrane pore size is coated on membrane surface. This study 

exhibited that there were no interaction between phenol and NOM. Additionally, it 

was also concluded that the most possible rejection mechanism was by sorption by 

iron oxide layer coated on membrane surface. 

2.3.2 Adsorptive pre-treatments by Powdered activated carbon (PAC) 

The application of PAC was widely performed in numerous studies. PAC was mostly 

utilized as a pre-treatment step prior to MF membrane filtration in many previous 

studies [7, 13, 14, 25, 52]. It also might be coupled with membrane system by 

adsorptive pre-treatments which allows PAC to undertake adsorption interaction 

with impurities within feed water before reaching membrane filtration step[53]. 

Moreover, PAC also applied in the system of direct mixing by adding PAC directly in 
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the same tank with the feed water [7, 13, 53, 54]. PAC also could be coupled by 

others pre-treatment methods (e.g. coagulation by alum and MIEX®) prior to MF 

membrane filtration [25, 54]. PAC with smaller particle size Super PAC (SPAC) than 

conventional PAC was also applied to pilot scale of ceramic membrane and the 

effect of the its small particle size was compared to application of normal PAC as 

well as coagulation performance [55]. The application of PAC as a pre-treatment 

process prior to MF membrane filtration study was mostly aimed to enhance MF 

membrane performance in terms of fouling by NOM. However, there was also a 

study of [13] that combined MF membrane with PAC to remove THMs. The study of 

PAC also conducted in UF membrane application in several studies to investigate 

fouling by NOM [56-58].  

PAC coupled with coagulation study was conducted based on [55]. SPAC which 

generated by micro-grinding thus obtained smaller size than conventional PAC was 

utilized and compared to PAC in this study. The benefit of SPAC application was 

allowance to reduce the required dose up to one-fifth compared to conventional 

PAC with similar effect on membrane performance enhancement (in terms of 

reducing TMP increase). The layer formation on membrane surface by SPAC was 

evidently more permeable or less compact than by PAC, which generally allowed 

more water to pass through its layer. Coagulant was more effective to form floc 

particles in coupled with SPAC than PAC due to higher adsorption efficiency of 

SPAC than PAC. 
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A study which applied high dose of 40 g/L of PAC as pre-treatment in order to 

implement submerged MF membrane hybrid system was [13]. The goal of this 

study was to investigate THMs and TOC removal efficiency by PAC utilization. The 

experiment was continuously for two months without any addition or disposal of 

PAC throughout the experiment. In this experiment, PAC was allowed to be in 

suspension with the feed water by continuous aeration before filtration step. The 

system showed significant removal of both THMs and TOC by (65 and 95%, 

respectively) compared to membrane removal (18 and less than 5%, respectively). 

However, aeration process proved to possibly change the particle size of PAC and 

other materials reaching the membrane [54]. This study revealed that the larger 

particles were degraded into smaller size by time due to continuous aeration and 

causing more fouling on membrane. However, the presence of PAC still removed 

the small particles even PAC particles were also evidently abraded to smaller size. 

High dose of PAC was also used in two PAC/MF studies which are of [7] and [52] 

that applied up to 40 and 20 g/L for continuous 50 and 64 days , respectively. 

Related finding revealed that high dose of PAC was effectively enhanced membrane 

performance and mitigate fouling by absorbing organic foulants. In effect, it is 

strongly proved that PAC is efficient towards fouling alleviation in integrated MF 

membrane system. 

Application of relatively new approach method of PAC pre-coated to membrane 

was conducted in the comparative study of [53] which utilized PAC as one of 

adsorbents used beside heated iron and aluminium oxide particles. This study 
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conducted three modes of hybrid experiment which were pre-mixing 200 mg/L of 

adsorbents for 2h with and without pre-filtration to remove the adsorbents 

particles and pre-depositing the solid adsorbents on UF membrane surface. 

Interestingly, this study found that fouling was dramatically lower when 

adsorbents were pre-deposited than pre-mixing adsorbents mechanism. This might 

explained by successful mitigation of avoiding foulants to reach the membrane 

surface thus the cake layer formed might be shifted to boundary between 

concentrate/adsorbents instead of reaching membrane surface. This study also 

suggested that solid adsorbents removal before preceded to membrane system in 

pre-mixing mode was showing higher fouling than in pre-mixing with adsorbents 

particles in the feed water. The explanation behind this was there might be physical 

removal by adsorbents particles present in this system beside removal by 

adsorption. Moreover, although a pre-treatment mechanism was able to remove 

more DOC and SUV254 than the others, it was still ineffective to mitigate fouling rate 

within the system. This means that there might be DOC components which act as 

foulants on the membrane system which were not removed by accordant treatment 

step. 

Another study which implemented pre-coating method was [14] which employed 

hollow fibers MF membrane to be pre-coated with PAC. This method was 

conducted to investigate new method which applied membrane surface 

modification by PAC pre-coating and study its effect to flux decline reduction for 

further mitigation of membrane fouling. Adsorption and kinetic study was initially 
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conducted to gain information of optimum adsorption capacity of the PAC used and 

to be a control to the results of pre-coated system. The pre-coat method was 

implemented by coating hollow fiber submerged membrane with PAC paste 

solution and dried overnight at 50°C before filtration. Moreover, this study also 

conducted a comparative study between non-coated (by direct mixing) and coated 

system. PAC recycling was also implemented in this study for further experiments. 

The pre-coats layer was expected to play roles in forming a cake layer which 

further acts as secondary filter before membrane that might enhance physical 

separation and also creating a dynamic filtration system to prevent organic matters 

within the feed water for reaching the surface and pores of membrane. This study 

also concluded that the pre-coat layer was able to trap colloidal organic matters 

which cause membrane fouling. In non-coated system, however, it showed that 

there was only adsorption mechanism of organic removal while there was physical 

removal in pre-coated method, on the other hand. Moreover, this literature was 

also suggesting about possible removal mechanism in pre-coat method which 

might be by bonding/sieving organic matters into cake layer that formed 

previously by PAC pre-coated thus foulants could be prevented to reach membrane 

surface and furthermore, pore of the membrane. However, the space between PAC 

particles might be large enough to allow the water to pass through the layer and 

finally filtered by membrane. Therefore, PAC had no effect on membrane 

permeability which also confirmed by the fact that PAC particles are larger than 

membrane nominal pore size. The characteristic of PAC was also affecting the 

performance of this related method (e.g. surface area).  
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Chapter III: Experimental Method 

3.1 Materials 

3.1.1 Raw water 

The feed water for this bench scale study was the wastewater effluent collected 

from a WWTP in Jeddah, Saudi Arabia. Raw feed water was pre-filtered to remove 

contained particulate matters and only dissolved matter remained in the desired 

feed wastewater for the entire bench lab experiments. This pre-filtration was 

conducted to avoid membrane clogging due to high particulate matter [14]. Pre-

filtration was conducted by utilizing filter papers with 0.45 µm pore size (Millipore, 

nylon membrane 0.45 µm HNWP). All the filter papers were initially immersed in 

MilliQ water for further application. MilliQ water was used for sample dilution and 

membrane resistance determination throughout the experiments. The pre-filtered 

feed raw water was subsequently store in 4°C cold sample storage (refrigerator) to 

maintain its contents. The feed water collection was arranged every other week 

(five times during the experiment). The quality of feed water was observed as 

illustrated in Table 3.1. It shows that globally the quality of feed water did not 

change. 
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Table 3.1 Characteristic of treated wastewater 

Name 
Date 

of collection 
pH 

Turbidity 
(NTU) 

Conductivity 
(µS/cm) 

UV254 
(cm-1) 

DOC 
(mg/L) 

HOC 
(mg/L) 

CDOC 
(mg/L) 

Biopolymers 
(mg/L) % 

Humic 
Substances 
(mg/L) % 

Building 
Blocks 

(mg/L) % 

WW 1 1-Feb-12  -  -  - 0.136 5.897 0.980 4.917 0.290 1.797 0.867 

      
100% 16.62% 83.38% 4.92% 30.47% 14.70% 

WW 2 1-Feb-12  -  -  - 0.136 4.664 0.411 4.253 0.304 1.991 0.748 

      
100% 8.82% 91.18% 6.52% 42.68% 16.04% 

WW 3 11-Mar-12  -  -  - 0.11 4.593 0.416 4.177 0.219 2.019 0.785 

      
100% 9.06% 90.94% 4.76% 43.95% 17.10% 

WW 4 26-Mar-12  -  -  - 0.121 5.263 0.610 4.652 0.250 2.139 0.913 

      
100% 11.60% 88.40% 4.75% 40.65% 17.34% 

WW 5 16-Apr-12  -  -  - 0.121 6.005 1.166 4.839 0.162 2.202 0.967 

      
100% 19.42% 80.58% 2.70% 36.67% 16.10% 

WW 6 16-Apr-12  -  -  - 0.121 5.724 1.007 4.717 0.239 2.237 0.857 

      
100% 17.60% 82.40% 4.18% 39.09% 14.97% 

WW 7 29-Apr-12  -  -  - 0.121 6.495 1.867 4.628 0.174 2.119 0.850 

      
100% 28.75% 71.25% 2.67% 32.62% 13.09% 

WW 8 29-Apr-12  -  -  - 0.121 6.264 0.554 5.710 0.217 2.085 0.833 

      
100% 8.85% 91.15% 3.47% 33.28% 13.31% 

WW 9 29-Apr-12  -  -  - 0.121 6.661 0.998 5.663 0.316 2.353 0.965 

      
100% 14.98% 85.02% 4.75% 35.32% 14.49% 

WW 10 29-Apr-12 7.85 0.27 3.21 0.116 4.968 1.083 3.885 0.107 1.877 0.716 

      
100% 21.79% 78.21% 2.15% 37.78% 14.42% 

WW 11 29-Apr-12  -  -  - 0.116 4.821 0.980 3.841 0.077 1.734 0.721 

      
100% 20.34% 79.66% 1.59% 35.96% 14.96% 

WW 12 29-Apr-12  -  -  - 0.116 4.927 0.735 4.192 0.125 1.926 0.726 
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100% 14.91% 85.09% 2.53% 39.09% 14.74% 

WW 13 29-Apr-12  -  -  - 0.116 4.828 0.762 4.066 0.119 1.961 0.739 

      
100% 15.78% 84.22% 2.46% 40.61% 15.31% 

WW 14 29-Apr-12  -  -  - 0.116 5.065 1.123 3.942 0.168 1.956 0.761 

      
100% 22.17% 77.83% 3.31% 38.62% 15.03% 

WW 15 29-Apr-12 7.22 0.25 2.98 0.116 5.041 1.023 4.018 0.181 1.976 0.766 

      
100% 20.30% 79.70% 3.58% 39.20% 15.19% 

WW 16 29-Apr-12  -  -  - 0.117 3.667 0.560 3.106 0.146 1.474 0.515 

      
100% 15.28% 84.72% 3.99% 40.20% 14.05% 

a DOC and SUVA254 were measured by LC-OCD instrument 
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3.1.2 Ceramic (MF) Membrane and Powdered Activated Carbon (PAC) 

This lab bench scale study employed a lab scale usage ceramic (AA0100) 

membrane (Anodisc 25, 0.1 µm, 25 mm, 50 circles, Whatman) throughout the 

experiments. The nominal pore size, thickness and diameter are 0.1 µm, 60 µm and 

25 mm, respectively. This membrane was evidently hydrophilic, based on data 

obtained from contact angle measurement (average of 10.68°). Another membrane 

that was used in this study was 0.45 µm paper filter to be coated with PAC. MilliQ 

water was also used to immerse all membranes before application. The five 

different employed PACs in this study were partly generated by a PhD student 

(Rubal Dua) who is a member of the research group of Professor Peng Wang at 

King Abdullah University of Science and Technology (KAUST), Saudi Arabia (KCU 6, 

KCU 8, KCU 12) while the other two PACs were commercially available by Norit (SA 

Super, G 60). SA Super PAC was made from vegetable raw materials by steam 

activation [59].  

3.2 Sample analysis 

The analysis of permeate and feed waters in this study included ultraviolet 

absorbance at wavelength of 254 nm (UV254), NOM components analysis and NOM 

characterization. At the end of every experiment, every produced water sample 

was analyzed by DR 5000TM UV-Vis Spectrophotometer (HACH) to determine UV254 

adsorption. Liquid chromatography–organic carbon detector (LC-OCD) was 

employed for analyzing NOM compositions within every water sample. The 



46 
 
obtained value of UV254 is for determining dilution factor for LC-OCD samples, e.g., a 

dilution factor was applied to feed water and permeate samples without any 

applied pre-treatment by employing MilliQ water to dilute the samples. The last 

analysis was NOM characterization by a Fluorescence spectrometer (Fluoromax–4 

from Horiba), this equipment was utilized for measuring 3D-fluorescence 

excitation emission matrix (3D-FEEM) spectra in order to define humic-like and 

protein-like organic matter. Eventually, the obtained data were then processed for 

plotting the data by MATLAB computer software to determine the intensity peak 

within each sample.  

3.3 Experimental set-up 

The experiments were performed in a bench scale study which applied average 

constant flux, thus membrane resistances could be obtained sequentially as the 

comparison guideline. The apparatus is illustrated in Figure 3.1 where a modified 

Amicon unstirred cell was employed for each experiment throughout this study. 

Based on [34], this type of cell represents an operational condition of dead-end 

filtration mode. All of the complete components of the cell were used except the 

stirring element (shown in Figure 3.1). The amicon cell is composed of cap and cell 

house, cylinder and membrane holder, O-rings made of rubber, filtrate outlet, 

pressure inlet and retaining stand for the cell house [60]. A cylinder of N2 gas was 

utilized as a gas source to pressurize feed water from the pressure vessel to the 

membrane cell. A 200 mL beaker was used in every experiment for collecting the 

filtered permeate water while an automatic balance recorded the weight of 
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collected permeate water. The obtained data from the balance was recorded every 

minute by a personal computer (PC) with data analysis software. As a consequence, 

flux data was recorded. An average constant flux was maintained by a manual 

pressure adjustment which was increased when recorded flux decreased at certain 

point. Applied pressure data was noted in every pressure adjustment. All feed 

waters which used in this study were allowed to reach room temperature prior to 

being used. Additionally, every used item, (e.g. beakers, vials, conical flasks and 

bottles) that used throughout the experiments were immersed into dilute 

Hydrochloric Acid (HCl) solution before re-used. 

3.4 Method of PAC Pre-coating on the membrane surface 

PAC preparation was conducted by measuring one at a time to certain desired 

weight and stored in the vials which were then diluted with pure MilliQ water to 

facilitate its transfer to a membrane cell (further explained). MilliQ water 

application was applied to ensure that the PAC pores remain available to contact 

with contaminants during the experiment afterwards. Once the PAC-MilliQ solution 

had been transferred into membrane cell, the pressure was applied sequentially to 

remove MilliQ water. Therefore, the PAC layer remained and eventually formed a 

coating layer on the membrane surface. This described methodology was 

implemented for both AA0100 and 0.45 µm membranes. 
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Figure 3.1 Bench scale experimental apparatus 

                 

 
 

Figure 3.2 Amicon cell components and assembly [60] 
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3.5 Data Analysis  

After obtaining flux data from each experiment, the total hydraulic resistance (RT) 

in m-1 was determined by following equation (1): 

   
   

   
 

(1) 

Where TMP is the trans-membrane pressure difference across the membrane 

(N/m2), J is the obtained flux (m3/m2h) while µ is the viscosity of the solution 

which could be obtained by equation (2): 

  
     

(      )   
 

(2) 

Where T is the temperature of the feed water, which was constant (20°C) because 

experiments were conducted at room temperature (ambient condition). 

The adsorption data was computed to fit both Langmuir and Freundlich isotherms, 

thus equation (3) and (4) below were applied, respectively: 

   
      
      

 
(3) 

Where Cs is concentration of absorbed organic matter by PAC, Ce is equilibrium 

concentration of remaining organic matter contained in the permeate water after 

filtration, qm is the maximum adsorption capacity, and KL is the saturation 

coefficient of Langmuir isotherm.  

       
  (4) 

Where Kf is Freundlich sorption coefficient and n is an empirical coefficient.  
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3.6 Equilibrium Studies 

The adsorption studies were conducted by batch experimental set-up which used 

reusable glass media bottles with cap (100 mL capacity from Fisherbrand) for the 

experimental media. Solutions were prepared by dissolving a known amount of 

each PAC type in 100 mL of feed water. The applied concentrations were 600, 300, 

150, 75 and 30 mg/L, which were then shaken on a shaker for 24 hours and under 

ambient conditions (20-25°C) to ensure that all of the pores within the PAC had 

adsorbed impurities from the feed water. Samples were collected by filtering with 

0.45 µm syringe filter (Glass Microfiber GMF with polypropylene housing, 25 mm 

diameter, WhatmanTM). This experimental study was performed to obtain results 

(e.g. UV254, NOM removal and 3D-FEEM peak intensity data) as standard 

comparison to PAC pre-coated results in the membrane study.  

3.7 Research methodology 

This research was conducted by the following flowchart methodology illustrated in 

Figure 3.3 in order to investigate the previously described problems. The protocol 

below is provided to give clear picture of the conducted procedure of this research 

work.  

The initial step was to compare the NOM removal efficiency (biopolymers, HS, 

building blocks, UV254, SUVA) of five different type of PACs by adsorption (batch 

experiment) tests as a standard comparison, and pre-coating experiments as a 

fouling control agent during the filtration process. The goal of this comparative 
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study was To determine the better PAC to be used as pre-coat for NOM removal 

and fouling reduction or control. 

 

Figure 3.3 Flowchart methodology of conducted research 
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Chapter IV: Results and Discussions 

4.1 Characterization of pore sizes of PACs 

The particle size distribution (PSD) of all five different PACs were measured by 

employing a particle size analyzer (Laser Particle Analyzer/Master sizer, Malvern, 

UK) and the obtained data of average diameter (d50) of each PAC is presented in 

Table 4.1 and Figure 4.1. The average diameter size (d50) of SA Super is 20.63 µm 

which confirms data from a previous study that also employed SA Super (d50 = 20 

µm) [61]. The BET surface area of PACs were analyzed by the research group who 

generated three PACs (KCU 6, KCU 8 and KCU 12) and are presented in Table 4.2 as 

well as illustrated in Figure 4.2 below.   

Table 4.1 Average diameter of five types of PAC 

PAC type d50 (µm) 

SA Super 20.63 

G 60 26.95 

KCU 6 38.28 

KCU 8 30.83 

KCU 12 29.24 
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Table 4.2 Surface characteristic of five PACs 

PAC types 

Total Surface 

Area (BET) 

(m2/g) 

Total pore 

volume 

(cm3/g) 

Mesopores 

surface area 

(m2/g) 

Mesopores 

volume 

(cm3/g) 

Maximum pore 

diameter 

(nm) 

SA Super 903 0.8 347 0.53 2.28 

G 60 909 0.86 310 0.51 2.83, 13.34 

KCU 6 1280 3.96 747 3.83 33 

KCU 8 1265 3.58 734 3.44 11.2 

KCU 12 1121 2.7 670 2.7 13.6 

 

Figure 4.1 Particle size distribution (PSD) of five PACs 

 

Figure 4.2: Pore size distribution of five PACs 
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The results showed that new generation of PACs (KCU6, KCU8 and KCU12) have 

large BET surface area that favors adsorption compared to commercial PACs.  

4.2 Adsorption isotherms 

Adsorption capacities of each PAC type (SA Super, G 60, KCU 6, KCU 8 and KCU 12) 

were initially determined by equilibrium studies. The feed waters and 

corresponding permeate samples of adsorption experiments were analyzed by LC-

OCD and 3D Fluorescence EEM to characterize NOM. The results from these 

experiments represent the optimum ability of PAC to adsorb NOM constituents 

(e.g., biopolymers, HS and building blocks) and UV254 absorbance within the feed 

water. Therefore, it eventually could be a good standard comparison against a 

hybrid process involving coating of PAC onto the membrane surface.  

This PAC adsorptive investigation was conducted with five different solution 

concentrations ranging from low to high doses (600, 300, 150, 75 and 30 mg/L). 

The 24 hours isotherm experiment was repeated three times although not all type 

of PAC was repeated due to their limitation of amount. The obtained data are 

presented in Figure 4.3 to Figure 4.7 which represents the raw data of 24 hours 

isotherm experiment with different PAC. The detailed data are shown in Appendix 

1-3. 

NOM constituents’ removal increased as the dose increased. KCU 6 shows the 

highest adsorptive capacity of biopolymers compared to other PACs. The 

adsorptive capacity of UV254 absorbance as well as DOC by five PACs was similar to 
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each other. On the other hand, SA Super and G 60 exhibited higher removal of 

Humic Substances and Building Blocks than KCUs type of PAC.  

 

Figure 4.3 Variation of DOC concentration from conducted isotherm experiments 

 

Figure 4.4 Variation of UV254 absorbance from conducted isotherm experiments 
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Figure 4.5 Variation of the biopolymers concentration from conducted isotherm experiments 

 

Figure 4.6 Variation of humic substances concentration from conducted isotherm experiments 

 

Figure 4.7 Variation of building blocks concentration from conducted isotherm experiments 
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Figure 4.8 represents the chromatograms for KCU 6 adsorption. The 

chromatograms depict the signal of organic carbon (OC) within the samples versus 

elapsed time. The first peak is associated with non–humic NOM fractions 

(biopolymers) which related to their high MW (> 20,000 Da), such as organic 

colloids as well as macromolecules of polysaccharides and proteins [20]. The 

second peak corresponds to HS (1,000 – 20,000Da) which shows a high OC 

response in most cases.  

 
Figure 4.8 Chromatograms of KCU 6 adsorption 
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Figure 4.9 represents chromatograms of 30 mg/L PACs adsorption data to show 

the performance of each PAC type. It can be clearly seen that biopolymers and HS 

contained within the feed water decreased after the adsorption experiment. KCU 6 

and KCU 8 show the best performance in eliminating biopolymers, which then 

followed by KCU 12, SA Super and G 60, respectively. No significant variation 

observed in terms of humic substances removal from different PACs.   

 
Figure 4.9 Chromatograms of 30mg/L of PACs adsorption 
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calculated by equation (3) and (4), which were explained in previous chapter and 

then summarized in the Table 4.3. These obtained parameters define the 

adsorption capacity of PAC for NOM constituents. Based on the data presented, the 

Freundlich isotherm is generally fitted better than the Langmuir isotherm as the 

value of R2 of all PACs applied are closer to 1.0 (around 0.88-0.99) than R2 values 

obtained with the Langmuir model (0.33-0.99).  

Table 4.3 Freundlich and Langmuir parameters 

NOM 

constituents 

PAC 

types 

Freundlich Langmuir 

Kf n R2 qm KL R2 

Biopolymers 

SA Super 7.38 0.55 0.99 2.83 27.15 0.99 

G 60 3.32 0.38 0.99 1.81 40.71 0.99 

KCU 6 66.43 0.87 0.96 16.37 8.15 0.70 

KCU 8 25.88 0.63 0.89 7.73 26.39 0.93 

KCU 12 10.90 0.57 0.96 4.71 20.24 0.95 

Humic 

substances 

SA Super 18.37 1.22 0.97 -51.28 -0.26 0.33 

G 60 20.92 0.91 0.97 96.15 -0.27 0.49 

KCU 6 22.41 2.39 0.99 -5.59 -0.83 0.89 

KCU 8 19.27 1.93 0.96 -8.65 -0.71 0.79 

KCU 12 16.17 2.59 0.99 -4.46 -0.78 0.85 

Building 

blocks 

SA Super 43.71 2.21 0.94 -3.47 -1.47 0.60 

G 60 30.56 1.43 0.91 -11.60 -0.98 0.29 

KCU 6 137.72 4.18 0.97 -1.33 -1.68 0.79 

KCU 8 15.32 1.38 0.93 -11.93 -0.64 0.38 

KCU 12 45.49 2.94 0.88 -2.06 -1.42 0.65 

UV254 

SA Super 2685 1.99 0.96 -0.59 -31.25 0.82 

G 60 1382 1.79 0.97 -0.83 -28.10 0.69 

KCU 6 3265 3.51 0.99 -0.68 -19.88 0.70 

KCU 8 704 1.79 0.95 -1.24 -15.34 0.93 

KCU 12 2666 2.27 0.96 -0.64 -17.07 0.95 

Based on Table 4.3, KCU 6 exhibits the highest adsorptive capacity for biopolymers, 

as shown by Kf  and n values (66.43 and 0.87, respectively). Less than half of the Kf 

value of KCU 6 is shown for KCU 8 (25.88) with n value of 0.63, while KCU 12 and 
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SA Super show similar values of Kf  and n,  which suggests that these two types of 

PAC might have similar adsorptive capacity for biopolymers. The poorest 

performance for adsorption of biopolymers is exhibited by G 60 as its Kf and n 

values are lower than the rest of the PACs. HS removal shows a slightly different 

trend than for biopolymers where all KCU type of PACs exhibited similar 

adsorptive capacity in terms of obtained Kf  and n values. The SA Super and G 60 

show lower adsorptive performance than KCUs type. Moreover, a similar trend is 

shown in building blocks and UV254 adsorption where SA Super exhibited identical 

capacity to KCU 12, and KCU 6 still shows a superior performance compared to 

others.  

Based on isotherms data presented, which are confirmed by chromatographic 

analysis, KCUs type of PAC performed better than commercially generated PAC (SA 

Super and G 60) in biopolymers removal. HS removal, on the other hand, shows 

relatively similar removal for all PACs used, although G 60 and SA Super show 

slightly better removal than KCUs. Biopolymers are known to be high MW of NOM, 

this fact implies that KCUs are better in adsorbing high MW NOM which relates to 

the higher size of pore diameter than both SA Super and G 60 (according to data 

obtained in previous section). Another reason might be associated with 

competition between NOM constituents within feed water to be adsorbed. Once the 

biopolymers are absorbed into PAC pores (KCUs), then there would be no other 

vacant space for other constituents to enter into the PAC pores. On the other hand, 

in SA Super and G 60 that has smaller pore size diameters, adsorption capability for 
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high MW biopolymers might be weak, and they possibly tend to absorb smaller MW 

organic. Therefore, pore accessibility for other lower MW constituents than 

biopolymers should be considered.  

4.3 Performance of PAC pre-coats on ceramic membrane  

The applied method of pre-coating PAC was conducted by introducing 6 mg or 4.5 

mg of activated carbon to form a thin pre-coat layer on the membrane surface. By 

these particular amounts of PAC, the collected permeate was 200 mL and 150 mL 

respectively in order to provide an equivalent dose of 30 mg/L. The applied 

operation mode was average constant flux. Therefore, by incorporating equation 

(1) and (2) as previously described in Chapter III, the total membrane resistance 

data were then calculated. The achieved constant flux was not precisely accurate 

due to manually pressure adjustment throughout experiments. The average 

attained flux was in the range of 200 to 300 L/m2h as stated in Figure 4.11. The flux 

of wastewater reaches only 204 L/m2h in absence of pre-treatment. However, 

when an equivalent dose of 30 mg/L of PAC was applied within the system, the flux 

was increased up to 235 to 295 L/m2h for all types of PACs. Moreover, experiments 

with pre-coated PAC on membrane surface to filter pure MilliQ water were 

conducted in order to verify that PAC has no effect on membrane fouling [14].  
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Figure 4.10 PAC pre-coated on AA0100 membrane 

 

Figure 4.11 Comparison of total membrane resistances of PACs 
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by nine fold  from 1×1012 to eventually 9×1012 m-1 when filtered permeate 

approaches around 70 mL in the absence of PAC pre-coating (system of membrane 

only). 

This experiment shows that the mitigation of total membrane resistance by pre-

coated PAC was significantly influenced by PAC type. The sequence of PAC 

performance in mitigating total membrane resistance is KCU 6>KCU 8>KCU 12>G 

60>SA Super.  

In accordance, SA Super inhibited total membrane resistance only by 

approximately 50% as compared to the membrane alone (from 9×1012 m-1 reduced 

to 4.24×1012 m-1 with averagely filtered volume of 148 mL and 168 mL for 

membrane only and SA Super respectively). By comparing a similar filtered volume 

of 200 mL, G 60 and KCU 12 revealed identical performance at the end of the 

filtration process, 4.68×1012 and 3.58×1012 m-1 respectively.  KCU 8 showed an 

ability to elevate membrane performance by suppressing more than seven fold of 

the final total membrane resistance (1.45 ×1012 m-1) compared to the system of a 

membrane alone. The KCU 8 graph shows that the increment occurred when the 

filtered volume reached about 100 mL which is the half way point of the final 

experiment. Moreover, the best performing PAC was KCU 6, which it shows an 

impressive performance by reducing total membrane resistance with the same 

filtered volume (200 mL), which yielded only 2.97×1011 m-1, suppressing about 

96% of the total membrane resistance compared to operation of membrane alone.  
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Data of the original AA0100 membrane permeability is also presented in the same 

Figure 4.11. These data is used to show the performance of the ceramic membrane 

without any introduced contaminants. Associated data were obtained by filtering 

pure MilliQ water with the ceramic membrane system. Furthermore, pure MilliQ 

water was filtered through a pre-coated ceramic membrane to investigate the 

influence of PAC on the membrane fouling potential. Based on the data presented, it 

was observed that PAC has no effect on membrane fouling, as the graph shows 

relatively similar membrane permeability. This suggests a superior performance of 

KCU 6 in adsorbing NOM constituents within feed water which might otherwise 

foul the membrane. This can be explained by the fact that KCU 6 has the highest 

surface area, pore diameter, particle size and highest pore volume, thus its 

adsorption capacity of NOM components is high. Consequently, fouling by NOM 

components could be effectively mitigated by applying KCU 6 as a pre-coat material 

to improve performance of MF membrane. 

4.4 NOM removal analysis 

The enhanced performance of the AA0100 membrane is correlated to NOM 

removal within the feed water both by PAC coating layer and also by membrane 

itself. NOM components are membrane foulants which can be trapped inside the 

pore of the membrane and/or depositing on the membrane surface which further 

forms a cake layer that suppresses operating flux or elevates TMP. Moreover, study 

of the PAC coating material only was conducted by coating 0.45 µm membrane 

filters. It was expected that the membrane filters used in this method did not 
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contribute to any removal. As a result, the performance of the PAC coating was 

determined. It can be argued that a 0.45 µm pore size is too big to retain organic 

fractions. This is supported by the fact that fouling phenomenon associates with 

deposition of NOM fractions that have a similar size to the membrane pore [62]. 

Therefore, membrane fouling did not occur and removal was associated with PAC 

performance only. Organic removal was significantly increased when the 

membrane was pre-coated with PAC as compared to removal by the membrane 

only. The raw data removal of NOM constituents by pre-coated PAC both on 

AA0100 and 0.45 µm surfaces figured in Figure 4.12 to Figure 4.15. The detailed 

data are shown in Appendix 4-5. 

Based on Figure 4.12, the AA0100 membrane only reaches 4% of UV254 removal, 

while KCUs pre-coat was observed to achieve higher removal than G 60 and SA 

Super. KCU 6 shows the highest removal percentage (71%) as compared to the 

other four PACs. KCU 8 and KCU 12 are showing the same removal percentage of 

63%. SA Super and G 60 removed approximately 45% of UV254. Moreover, it is 

confirmed that the removal achievement by AA0100 pre-coats were mostly 

determined by the PAC coating when compared to the removal efficiency by 0.45 

µm filtration only. However, identical removal as with the AA0100 coating appears 

in pre-coated 0.45 µm membranes, where slight difference appears in removal 

percentage between PACs. 
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Figure 4.12 UV254 removal of PACs 
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Figure 4.13 Biopolymers removal of PACs 

 

Figure 4.14 Humic substances removal of PACs 
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Figure 4.15 Building blocks removal of PACs 
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appears that the AA0100 membrane did not retain low MW HS and building blocks 

since there was no removal when the membrane only was filtering the feed water. 

This might reveal the absence of physical removal in regards to low MW NOM, i.e., 

HS and building blocks in this system.  

 

Figure 4.16 Chromatograms of AA0100 pre-coats 

The chromatogram data for all types of PAC pre-coated on the AA0100 membrane 

are presented in Figure 4.16. These results show that KCU 6 almost completely 

removed biopolymers. The performance of KCU 8 was relatively the same as KCU 
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that PAC pre-coats successfully removed biopolymers and HS as NOM constituents 

while the best PAC is KCU 6. 

 

Figure 4.17 3D fluorescence contour of feed water sample 

 

 

Figure 4.18 3D fluorescence contour of AA0100 permeate sample 
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Figure 4.19 3D fluorescence contour of 30mg/L KCU 6 pre-coats 

Table 4.4 EEM intensity analysis of various PAC types and experiment methods 

Sample Em/Exc 
(1) 

Peak 1 
(%removal) 

Em/Exc 
(2) 

Peak 2 
(%removal) 

Em/Exc 
(3) 

Peak 3 
(%removal) 

Feed 
water 

430/340 - 424/240 - 316/270 - 

AA0100 
permeate 

430/340 0% 424/240 0% 326/280 46.19% 

0.45µm 
permeate 

430/340 0% 424/240 0% 312/280 0% 

SA Super 
AA0100 

418/330 68.81% 422/240 72.16% 332/280 70.73% 

SA Super 
0.45µm 

418/330 64.08% 424/240 59.06% 336/280 48.56% 

G 60 
AA0100 

430/340 62.51% 426/240 58.87% 322/280 66.22% 

G 60 
0.45µm 

426/340 56.58% 424/240 52.22% 324/280 61.65% 

KCU 6 
AA0100 

416/330 85.72% 424/240 81.40% 330/280 81.61% 

KCU 6 
0.45µm 

424/330 81.74% 424/240 75.03% 314/280 80.23% 

KCU 8 
AA0100 

414/330 81.28% 424/240 80.87% 334/280 75.13% 

KCU 8 
0.45µm 

414/330 80.89% 426/240 70.45% 334/280 74.51% 

KCU 12 
AA0100 

416/330 80.27% 424/240 61.84% 324/280 51.95% 

KCU 12 
0.45µm 

313/330 72.68% 414/240 54.02% 332/280 61.39% 
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The 3D-fluorescence EEM data analysis are presented in Table 4.4 which show 

three peaks in the obtained 3D contour by MatLab (shown in Figure 4.17 - Figure 

4.19), thus associated removal percentages for each sample could be presented. 

Peak (1) represents a humic-like fluorescence in the form of fulvic acid peak, based 

on [20] which corresponded to Ex = 320-340 nm and Em = 410-430 nm. Peak (2) is 

corresponded to secondary humic peak-like fluorescence where it is located at Ex = 

250 and Em = 380-480.  Peak (3) associates to a protein-like fluorescence which 

shown in region with Ex = ±280 nm and Em = 300-350 nm.  

The result shows that the AA0100 pre-coat method was effective in reducing peak 

intensity in all peaks (1), (2) and (3). The peak of fulvic-like fluorescence reduction 

by PAC pre-coating was about 60-85%. PAC pre-coated on AA0100 membrane was 

achieved about 50-80% reduction of the peak of protein-like substances. While 60-

80% of peak of secondary humic-like fluorescence was removed during pre-coating 

experiment. However, the membrane alone was able to remove this corresponding 

peak up to 46% removal compared to the feed water peak. As expected, this might 

be due to the large particle size within this corresponding region which contains 

protein-like substances. This finding might confirm previous results that AA0100 

permeate could remove portions of biopolymers substances within the feed water 

(based on previous discussions on chromatograms and NOM removal data) by 

physical removal. Furthermore, this also might explain the performance of the 

AA0100 membrane in the fouling experiment that the total membrane resistance 

was constantly flat before reaching 60 mL of filtered volume (Figure 4.11), 



73 
 
however it then sharply inclined after this point which might be due to the 

accumulation of retained organic particles (foulants) on the membrane surface 

which also blocked the membrane pores. The PAC performance, when pre-coated 

on the membrane, in intensity removal for all investigated peaks is also exhibited in 

Table 4.4, where the best performing PAC which was KCU 6. This is consistent to 

the relationship between the removals of the peak intensity (especially protein-like 

substances) and efficiency in fouling alleviation by PAC pre-coating on the AA0100 

membrane. 

The performance of PAC pre-coating only in reduction of fluorescence peak 

intensity was also analyzed and shown in Table 4.4. It can be seen that the 

removals confirm the AA0100 peak intensity removal data. The PAC pre-coated 

layer appears to yield similar performance to AA0100 pre-coats when it was pre-

coated on the 0.45 µm filters surface. The reduction of peak (1) was about 56-81% 

while 48-80% removal of peak (3) and 52-75% of peak (2) was achieved. This data 

might also prove that the PAC layer coated on the membrane surface was able to 

absorb and/or physically retain humic-like and protein-like substances within feed 

waters.  

In general, PAC pre-coating shows significant enhancement of targeted organic 

matter removal efficiency as compared to the membrane only. Additionally, the 

pre-coats method with extremely short contact time shows remarkable 

performance in NOM constituent removal. In particular, KCU 6 successfully 

exhibiting the highest removal performance out of five PACs used, especially in 
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high MW organic of biopolymers removal. There were insignificant differences 

between removals of lower MW organics by KCU 6 and other PACs. Investigation of 

organic removal by AA0100 and 0.45 µm pre-coats explain that adsorption was 

possibly to be a major mechanisms in removing most of organic matter, while there 

might be some physical removal in higher MW of biopolymers. The evident that 

adsorption was probably the major removal mechanism is supported by data from 

contact angle measurement that it was unable to measure contact angle when 

ceramic membrane was pre-coated by PAC. 
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Chapter V: Conclusions and Recommendations 

5.1 Conclusions  

This bench scale studies investigated five different types of PAC as the material to 

coat AA0100 ceramic microfiltration membrane as well as a 0.45 µm polymeric 

membranes. The adsorptive capacity study of employed PACs showed the 

Freundlich isotherm model was fit better than the Langmuir with good correlation 

of correlation coefficient (R2). Pre-coated membrane by PAC was successfully 

demonstrated superior performance in enhancing membrane performance by 

mitigating the increase of total membrane resistance by 48 to 96% reduction as 

compared to AA0100 membrane filtration only. Based on NOM removal results, it 

was clearly showed that enhanced performance of membrane filtration relates to 

high removal of biopolymers by pre-coating.  

Comparison of NOM removal results of AA0100 and 0.45 µm pre-coats supported 

that the major removal mechanisms of NOM is adsorption. Physical removal might 

play role in removal on high MW biopolymers, as there was significant portion of 

this organic matter which was successfully removed by the AA0100 membrane 

alone. Moreover, this study also revealed that PAC did not contribute to any fouling 

experienced by the membrane filtration process. The KCU 6 attributes were high 

pore diameter, total pore volume, BET surface area and particle size, providing 

superior performance compared to the other four PACs (KCU 8, KCU 12, SA Super 

and G 60) in terms of ability to alleviate total membrane resistance, which 

correlates to high performance in removing biopolymers. 
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5.2 Recommendations 

It is recommended to scale up this study from bench scale to pilot scale. Also, 

further characterization of PACs like elementary analysis that determines chemical 

composition of PACs is recommended.  
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APPENDICES 

Appendix 1: Raw data of the 1st isotherm experiment 

Type 
Doses 

(mg/L) 
UV 

(cm-1) 
DOC 

(mg/L) 
Biopolymers 

(mg/L) 
HS 

(mg/L) 

Build. 
Blocks 
(mg/L) 

WW 1 
 

0.136 4.917 0.290 1.797 0.867 

SA 
Super 

600 0.009 2.007 0.007 0.215 0.196 

300 0.010 1.562 0.003 0.348 0.188 

150 0.016 1.724 0.049 0.492 0.267 

75 0.024 2.007 0.122 0.680 0.311 

30 0.045 2.726 0.222 1.040 0.468 

G60 

600 0.008 1.555 0.007 0.163 0.135 

300 0.011 1.596 0.028 0.237 0.151 

150 0.014 1.611 0.084 0.385 0.221 

75 0.023 1.968 0.164 0.604 0.306 

30 0.044 2.711 0.247 1.010 0.483 

KCU 6 

600 0.014 2.759 0.004 0.387 0.349 

300 0.016 2.299 0.008 0.505 0.353 

150 0.024 1.995 0.012 0.623 0.382 

75 0.030 2.399 0.027 0.771 0.444 

30 0.045 2.960 0.089 1.054 0.550 

KCU 8 

600 0.012 1.983 0.004 0.333 0.262 

300 0.015 1.719 0.003 0.521 0.266 

150 0.022 1.738 0.012 0.606 0.305 

75 0.028 2.235 0.018 0.809 0.443 

30 0.046 2.938 0.106 1.040 0.580 

KCU 12 

600 0.017 3.053 0.004 0.468 0.318 

300 0.018 2.504 0.017 0.559 0.345 

150 0.025 2.680 0.030 0.723 0.403 

75 0.032 2.863 0.064 0.850 0.426 

30 0.049 3.351 0.172 1.084 0.573 
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Appendix 2: Raw data of the 2nd isotherm experiment (30 mg/L only) 

Type 

Doses UV DOC Biopolymers HS 
Build. 
Blocks 

(mg/L) (cm-1) (mg/L) (mg/L) (mg/L) (mg/L) 

WW 4   0.121 4.652 0.250 2.139 0.913 

SA Super 30 0.046 3.594 0.194 1.231 0.611 

G 60 30 0.045 3.061 0.195 1.293 0.526 

KCU 6 30 0.042 2.891 0.036 1.073 0.604 

KCU 8 30 0.042 3.094 0.074 1.059 0.592 

KCU 12 30 0.047 3.284 0.123 1.120 0.627 
 

 

Appendix 3: Raw data of the 3rd  isotherm experiment  

Type 
Doses 

(mg/L) 
UV 

(cm-1) 
DOC 

(mg/L) 
Biopolymers 

(mg/L) 
HS 

(mg/L) 

Build. 
Blocks 
(mg/L) 

WW 15   0.117 4.018 0.181 1.976 0.766 

WW 16   0.116 3.106 0.146 1.474 0.515 

G 60 

150 0.015 1.083 0.013 0.373 0.128 

100 0.018 1.197 0.027 0.471 0.177 

75 0.022 1.474 0.060 0.608 0.305 

60 0.021 1.252 0.049 0.506 0.212 

30 0.028 1.501 0.101 0.733 0.248 

KCU 6 

150 0.021 1.345 0.006 0.616 0.224 

100 0.025 1.671 0.004 0.684 0.296 

75 0.029 1.804 0.005 0.756 0.380 

60 0.038 2.328 0.005 0.919 0.439 

30 0.039 2.190 0.011 0.976 0.417 

KCU 8 

150 0.021 1.347 0.004 0.527 0.241 

100 0.024 1.646 0.014 0.677 0.266 

75 0.029 1.959 0.017 0.780 0.313 

60 0.036 2.270 0.017 0.892 0.402 

30 0.04 2.410 0.024 0.972 0.435 
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Appendix 4: Raw data of 0.1 µm pre-coating experiments 

Type -n 
WW 

sources 
 

UV DOC Biopolymers HS Build. Blocks 

(cm-1) (ppb) (ppb) (ppb) (ppb) 

WW 4  -  - 0.121 4652 250 2139 913 

WW 13  -  - 0.116 5663 316 2353 965 

AA0100 1  WW 4 0.116 4711 130 2135 1042 

SA 
Super 

1 WW 4 0.065 3328 158 1487 603 

2 WW 13 0.059 2815 141 1404 542 

G60 
1 WW 4 0.067 2277 38 987 521 

2 WW 13 0.063 2668 118 1337 470 

KCU 6 
1 WW 4 0.035 2449 84 1063 510 

2 WW 13 0.033 1981 26 977 429 

KCU 8 
1 WW 4 0.042 2849 98 1122 612 

2 WW 13 0.042 2388 73 1114 492 

KCU 12 
1 WW 4 0.048 3305 133 1509 596 

2 WW 13 0.042 2379 100 1123 492 

 

Appendix 5: Raw data of 0.45 µm pre-coating experiments 

Type -n 
WW 

sources 
 

UV DOC Biopolymers HS Build. Blocks 

(cm-1) (ppb) (ppb) (ppb) (ppb) 

WW 4  -  - 0.121 4652 250 2139 913 

WW 9  -  - 0.121 5663 316 2353 965 

WW 10  -  - 0.116 4717 239 2237 857 

0.45 
Permeate 

1 WW 4 0.12 4511 187 2102 879 

2 WW 10 0.116 5622 227 2178 1261 

SA Super 
1 WW 4 0.079 3369 153 1653 596 

2 WW 9 0.075 3456 174 1629 650 

G60 
1 WW 4 0.084 3563 185 1603 644 

2 WW 9 0.083 3477 170 1718 612 

KCU 6 
1 WW 4 0.039 2580 31 1021 575 

2 WW 9 0.043 2296 57 1086 487 

KCU 8 
1 WW 4 0.042 2441 125 1014 501 

2 WW 9 0.043 2327 110 1099 478 

KCU 12 1 WW 9 0.058 3093 207 1380 627 
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