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ABSTRACT 

Transparent exopolymer particles (TEP) are known as a class of transparent 

particulate acidic polysaccharides that can be stained by alcian blue. Although the 

involvement of TEP in membrane fouling development has been reported, the 

formation mechanisms of TEP in various water chemistry conditions have not yet 

been understood. Therefore, this study aimed to investigate the TEP formation from 

alginate blocks under different chemistry conditions and the specific role of TEP in 

membrane fouling development. 

In the first phase of study, alginate blocks and their effect on membrane fouling was 

investigated. Alginate as a common and widespread polysaccharide has been 

reported to generate TEP-like particles that can be stained by alcian blue. Alginate 

is composed of two different monomers, namely M ((1→4) linked β-D-

mannopyranuronic acid) and G ((1→4) linked α-L-gulopyranuronic acid) which are 

randomly arranged into MG-, MM- and GG-blocks. Results showed the severest 

fouling in the filtration of MG-block, and the least flux decline in the filtration of 

MM-block. The initial pore blocking was found to be responsible for the fouling 

observed in MG-block filtration, while the cake layer formed on membrane surface 

during the MM-block filtration could serve as a pre-filter that prevented membrane 

from further pore blocking. TEP were found to form through aggregation or cross-

link of alginate blocks. It was observed that more TEP were produced from MM-

blocks than from MG-blocks in solutions. As TEP were bigger than original alginate 

blocks, they could facilitate the formation of cake layer on membrane surface, 

which explained why cake resistance was dominant in the filtration of MM-blocks 

as compared to MG-blocks. The analysis by the extended Derjaguin-Landau-

Verwey-Overbeek (XDLVO) theory further revealed that MM-blocks had lowest 

cohesive interaction energy among all three alginate blocks, which favoured 

aggregation of MM-blocks, and ultimately leading to the formation of more TEP. 

This study provided insights into the TEP formation from different alginate blocks 

and revealed the role of TEP in microfiltration. 
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The importance of calcium ion in TEP formation has been reported before. In this 

phase of study, the TEP formation from alginate blocks was investigated with 

various calcium concentrations and the effect of TEP on membrane fouling 

development was further studied. Results showed that calcium ion had the most 

serious effects on GG-blocks and significantly promotes the formation of TEP from 

GG-blocks which in turn led to rapid formation of thick cake layer on membrane 

surface during the filtration of GG-blocks. In addition, results further revealed that 

the TEP formation from GG-blocks was subject to the Ca
2+

 concentration of bulk 

solution. As for MM-blocks, it was found that the formation of TEP was 

proportional to the Ca
2+

 concentration in MM-blocks solution studied, while the 

membrane fouling was enhanced by Ca
2+

 in the filtration of MM-blocks solution. 

Unlike MM- and GG-blocks, MG-blocks were nearly not affected by addition of 

calcium ion, as the result, there was no significant increase in TEP. The initial 

fouling rates and the mass of foulants deposed on the membrane surfaces further 

revealed a close correlation between the TEP concentration and the membrane 

fouling propensity. Tracking the cake layer development process on membrane 

surface with FE-SEM and AFM techniques indicated that TEP accumulation 

directly led to the cake layer formation. This study offers deep insights into the 

development of membrane fouling by different alginate blocks in the presence of 

calcium ion, and suggests that TEP formed from alginate blocks played a very 

significant role in the fouling development. 

TEP formation at various sodium ion concentrations with a fixed calcium ion 

concentration was investigated in this phase study. Results showed that increasing 

sodium ion concentration largely reduces the TEP production in all three types of 

alginate blocks, which further prevented the cake layer development on the 

membrane surface. Competition between calcium ions and sodium ions is likely 

responsible for the reduction of TEP formation from alginate blocks. At high 

sodium ion concentration, the bonding opportunity of alginate blocks to calcium 

ions is out-competed by sodium ions, thus decreasing the formation of TEP. These 

results suggest that a more abundant TEP could be expected in freshwater than in 

seawater at the same level of precursor materials. Thus, TEP-associated biofilm 



ABSTRACT 

XII 

 

development and membrane fouling would be more significant in membrane 

filtration of freshwater than seawater. 

In conclusion, this study clearly showed the formation of TEP from alginate blocks 

at diverse chemistry conditions as well as the role of TEP in membrane fouling 

development, providing insights into the TEP-associated fouling problems.
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CHAPTER 1  INTRODUCTION 

1.1 BACKGROUND 

Water scarcity is one of the most serious global crises. To cope with such situation, 

scientists and engineers have been developing many water and wastewater 

reclamation technologies, one of which is membrane technology. In fact, membrane 

technology has been widely employed for more than 30 years for its advantage, e.g. 

of less complexity, easier to operate, less man power needed, smaller footprints and 

less chemical usage (Daigger et al. 2006). However, a major obstacle to the wider 

applications of membrane technology is membrane fouling which leads to reduced 

membrane performance and permeate flux (Shannon et al. 2008). 

Transparent exopolymer particles (TEP) are considered as a potential foulant 

towards membrane fouling development (Berman and Holenberg 2005, Bar-Zeev et 

al. 2012). TEP represents a class of particulate acidic polysaccharides which are 

large, transparent organic particles and can be stained by alcian blue, and they have 

been commonly found in surface water, seawater and wastewater (Alldredge et al. 

1993). These gel-like particles are deformable, highly sticky and appear in various 

forms, e.g. amorphous blobs, strings, films, sheets, clouds, or clumps. As surface 

active acidic polysaccharides, TEP can attach onto or be easily adsorbed onto other 

solid surfaces including membranes. Besides, TEP can also serve as ―carriers‖ of 

microbial attachment in seawater and freshwater, i.e. they are often colonized by 

bacteria (Passow 2002). As such, bacteria colonized TEP may be brought to 

membrane surface through the deposition of TEP. This in turn suggests a possible 

mechanism of membrane biofouling may be initiated. However, it should be 

pointed out that little information is available so far about the formation 

mechanisms of TEP in various water environments. Obviously, such information is 

essential for better elucidate TEP-associated membrane fouling. 

In natural water environment, TEP may be generated from different precursors, 

among which alginate has similar characteristics to TEP in terms of richness in 
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acidic polysaccharides and gelling ability (Passow and Alldredge 1995, Thornton et 

al. 2007). Due to such reason, alginate has commonly used a model organic foulant 

in many studies of membrane fouling. In fact, alginates are unbranched binary 

copolymers consisting of (1→4) linked β-D-mannopyranuronic acid (M) and (1→4) 

linked α-L-gulopyranuronic acid (G) monomers, which are randomly arranged 

along the alginate chain in two kinds of homopolymeric blocks (MM-blocks, GG-

blocks) and one kind of heteropolymeric block (MG-blocks) (Smidsrød 1974, 

Draget et al. 2005, Lee and Mooney 2012). Therefore, this study investigated the 

formation of TEP from different alginate blocks as precursors under various water 

conditions and their effect on membrane fouling development. 

1.2 OBJECTIVES AND SCOPE 

The main objectives of this study are: 

(1) To examine the fouling propensities of alginate blocks i.e. MG-, MM- and GG-

blocks; further to explore the fouling mechanisms behind them. The TEP 

formation from MG-, MM- and GG-blocks and their effects on membrane 

fouling as well as the cohesive interaction energy of MG-, MM- and GG-blocks 

were also studied. 

 

(2) To study the influence of calcium ion on the formation of TEP from MG-, MM- 

and GG-blocks, and to explore the crosslink mechanism between calcium and 

each type of alginate blocks, further to look into the filtration behaviors of MG-

, MM- and GG-blocks at different calcium concentrations. The process of cake 

layer development on membrane surface was tracked and the role of TEP in the 

fouling development was studied. 

 

(3) To investigate the TEP formation at various sodium ion concentrations with a 

fixed calcium ion concentration. The quantity, morphology and viscoelasticity 

properties of TEP were determined. The effects of sodium ion on the fouling 

propensities of MG-, MM- and GG-blocks and the effect of TEP formation on 

membrane fouling were also studied. 
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1.3 ORGANIZATION OF THE THESIS 

The thesis includes the following six chapters: 

(1) Chapter 1 is a brief introduction to the background and objectives of this study. 

 

(2) Chapter 2 presents a comprehensive literature review, covering (i) the 

applications of membrane technology in water and wastewater treatment; (ii) the 

definition, formation pathways, determination methods and characteristics of 

TEP; (iii) the general properties of alginate. 

 

(3) Chapter 3 demonstrates the effect of alginate blocks on membrane fouling. 

Fractionation of alginate was performed to obtain MG-, MM- and GG-blocks 

and subsequently their filtration behaviors were examined. The effect of TEP on 

membrane fouling was revealed with fouling mechanism analysis and XDLVO 

theory further explained the difference lying in TEP formation abilities of 

alginate blocks. This study suggests that the membrane fouling would be related 

to molecular structure of alginate. 

 

(4) Chapter 4 focuses on the effect of calcium ions on the alginate blocks, including 

their TEP formation and filtration behaviors. For this purpose, TEP formation 

from MG-, MM- and GG-blocks were determined in different calcium ion 

levels. The role of TEP in membrane fouling was analyzed by calculating the 

initial fouling rate and foulant mass deposition on membrane. TEP accumulation 

on membrane surface was visualized directly by employing FE-SEM and AFM 

techniques.  

 

(5) Chapter 5 investigated the TEP formation at various sodium ion concentrations. 

It was found that increasing sodium ion reduced the TEP production in all three 

types of alginate blocks, which further prevented the cake layer development on 

the membrane surface. Competition between calcium ions and sodium ions was 

likely responsible for the reduction of TEP formation from alginate blocks. 

These results suggest that a more abundant TEP could be expected in freshwater 
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than in seawater at the same level of precursor materials. Thus, TEP-associated 

biofilm development and membrane fouling would be more significant in 

membrane filtration of freshwater than seawater. 

 

(6) Chapter 6 summarizes the major findings of this study and recommendations for 

future investigation. 
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Part of this chapter has been published as: Meng, S., Rzechowicz, M., Winters, H., Fane, A. and Liu, Y. (2013) 

Transparent exopolymer particles (TEP) and their potential effect on membrane biofouling. Applied 

Microbiology and Biotechnology 97(13), 5705-5710. 

CHAPTER 2  LITERATURE REVIEW 

2.1 INTRODUCTION 

Nowadays, water scarcity is one of the most serious challenges around the world 

(Elimelech and Phillip 2011). To alleviate the stresses on water supply, membrane 

separation technology is considered as a promising method. However, membrane 

fouling still remains as a major obstacle to the broad applications of membrane 

filtration utilizing pressure-driven membrane technologies, especially when it leads 

to flux losses that cleaning cannot restore (Shannon et al. 2008). Membrane fouling 

is a process whereby a solution or a particle is deposited on a membrane surface or 

in membrane pores (Meng et al. 2008), resulting with permeate flux reduction. 

Considerable effort has been invested into fundamental studies of membrane fouling 

problems in diverse membrane systems. Berman and Holenberg (2005) first 

reported the potential role of TEP in membrane fouling and considered them as 

―major initiators‖ of biofilm formation. TEP have attained such important attention 

because they possess some properties which are prone to foul membrane, such as 

high stickiness, deformability, heavy colonization by microorganisms in natural 

water systems. Since several recent studies have attributed membrane fouling to the 

presence of TEP, there is a considerable need for further work to gain an 

understanding of the formation of TEP in diverse aquatic environmental conditions 

and the fundamental interactions between TEP and the membrane fouling 

phenomenon. Alginate is an ideal model to model TEP in laboratory conditions due 

to its richness in acid polysaccharides and ability of gelling. Concurrently, TEP 

formation from different alginate blocks also provides insight of the effect of 

molecule composition of alginate on its fouling propensity. 
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2.2 MEMBRANE TECHNOLOGY IN WATER INDUSTRY 

2.2.1 Membrane Types and Properties 

Membrane filtration technology has been commonly used for producing high-

quality water for water reuse and recycle due to its advantages of small footprint, 

extremely high solid-liquid separation efficiency and easy maintenance (Watanabe 

and Kimura 2011). According to the driving force, the membrane technologies can 

be grouped into four clusters: pressure, electric potential, concentration gradient and 

temperature gradient driven membrane operations. The membrane separation is 

based on different permeability of membranes to the solvent and solutes or particles. 

The pressure-driven membrane processes for water treatment can be further 

classified into four categories: microfiltration (MF), ultrafiltration (UF), 

nanofiltration (NF) and reverse osmosis (RO) membranes, as summarized in Table 

2.1.
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Table 2.1 Typical properties of pressure-driven membranes (Fane et al. 2011, 

Wachinski 2013) 

 
Microfiltration 

(MF) 

Ultrafiltration 

(UF) 

Nanofiltration 

(NF) 

Reverse Osmosis 

(RO) 

Separation 

mechanism 
Sieve Sieve 

Sieve, 

solution/diffusion 

+exclusion 
Solution/diffusion 

Pore size 

(apprx.) 

(μm) 

0.05–10 0.001–0.1 ~0.002 <0.002 

MWCO 

(Da) 
Not applicable 1,000–300,000 >100 >10 

Water 

permeability 

(L
-1

m
-2

h
-1

bar
-

1
)
-1

) 

>500  20–500 5.0–50 0.5–10 

Operating 

pressure 

(bars) 

0.1–2.0 1.0–5.0 2.0–10 10–100 

Rejection 

layer 
Porous Porous 

Between tight 

UF and loose RO 
Nonporous 

Removes 

Bacteria/algae, 

suspended 

solids, 

turbidity 

Bacteria, virus, 

colloids, 

macromolecules 

Di-/multivalent 

ions, natural 

organic matter, 

small organic 

molecules 

Dissolved ions, 

small molecules 

Membrane 

materials 

Ceramic 

(various 

materials), 

polypropylene, 

polysulfone 

(pvdf), 

polyethan 

sulfane 

Aromatic, 

polyamides, 

ceramic (various 

materials), 

cellulose 

acetate, 

polypropylene, 

polysulfone, 

polyethersulfone 

(PES), 

polyvinylidene 

fluoride (PVDF) 

Cellulosic, 

aromatic 

polyamide, 

polysulfone, 

polyvinylidene 

fluoride (PVDF), 

thin film 

composite 

Cellulosic, 

aromatic 

polyamide, thin 

film composite 

MF and UF membranes are porous membrane that can be operated at low pressures, 
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and often referred to as low-pressure membranes (Fane et al. 2011). The typical 

pore size of MF membranes is in the range of 0.05 to 10 μm. Separation by MF 

membranes is achieved via mechanical sieving of substances in water. UF 

membranes can retain large organic macromolecules, thus the pore structure of UF 

membrane is historically characterized by molecular weight cut off (MWCO) 

instead of a specific pore size (Wachinski 2013). The rejection of UF membranes is 

determined by the size and shape of the solutes relative to the pore size of the 

membranes (Peinemann and Nunes 2010). In water industry, MF and UF processes 

have been widely employed for removing microorganisms, suspended solids, 

turbidity, virus, colloids and macromolecules. As such, they may serve as a 

pretreatment step for RO and NF processes. 

RO membranes essentially are nonporous membranes without visible pore structure 

(Fane et al. 2011). Both RO and NF membrane filtrations are operated under high 

pressure as summarized in Table 2.1. NF known as membrane softening has been 

widely applied for removing divalent and multivalent ions as well as some organic 

matters (Childress and Elimelech 2000, Wachinski 2013). RO membranes are able 

to reject small organic molecules and dissolved ions, including monovalent ions, 

such as NaCl, thus they are commonly used for desalinating seawater and brackish 

water. 

2.2.2 Membrane Operation Modes 

In general, a membrane module may be operated in two different modes: i.e. dead-

end and cross-flow as illustrated in Figure 2.1. In the dead end filtration, all the feed 

was forced to pass through the membrane (Tchobanoglous et al. 2003). Substances 

in feed water that are too large to pass through the membrane accumulate at the 

membrane surface or deposit in the membrane pores (Wachinski 2013), leading to 

the build-up of the cake layer on membrane. In contrast, in cross-flow filtration 

mode, the feed water is pumped with a cross flow tangential to the membrane 

surface and a concentrate and a permeate streams are obtained (Tchobanoglous et al. 

2003). During cross-flow filtration, only a portion of feed water is harvested as 

permeate. 
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Figure 2.1 Membrane operation modes. (a) dead-end filtration mode and (b) cross-

flow filtration mode. 

2.2.3 Membrane Fouling 

Membrane fouling is the biggest challenge encountered in nearly all membrane 

processes. Membrane fouling is a process in which solute or particles deposit onto a 

membrane surface or into the membrane pores which result in the poor membrane 

performance (Koros et al. 1996, Baker 2004). As the result, membrane fouling may 

cause severe flux decline and further affect the quality of the product water. 

Moreover, severe fouling may require intense chemical cleaning or frequent 
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membrane replacement leading to increased operating costs (Baker 2004). The main 

mechanisms of membrane fouling include adsorption of substances, pore clogging, 

particles deposition and gel-layer formation (Goosen et al. 2005, Peinemann and 

Nunes 2010). Adsorption occurs due to specific interactions between the solutes or 

particles in feed water and the membrane. Pore clogging is the result of deposition 

or accumulation of solutes and particles inside membrane pore.  

2.2.3.1 Types of Fouling 

Feed water often contains a wide spectrum of foulants according to which 

membrane fouling can be classified into four basic categories as illustrated in Figure 

2.2 (Baker 2004, Goosen et al. 2005). 

 

Figure 2.2 The common types of foulants present in feed water to membrane 

systems. 

(1) Scaling 

Scaling is caused by the precipitation of soluble inorganic compounds in feed water 

on the membrane surface. Precipitation or scale formation on the membrane surface 

occurs when the salts in raw feed water are concentrated beyond their solubility. 

Scaling is an important consideration for the operation of RO and NF (Mallevialle 

et al. 1996). Since the RO permeate is nearly salt-free, the inorganic compounds in 

feed water should be concentrated according to the production yield. One their 

solubility limits are exceeded, the inorganic compounds start to form precipitates on 

the membrane surface, known as scaling (Bremere et al. 1998, Bremere et al. 1999, 

van de Lisdonk et al. 2000), e.g. calcium carbonate (CaCO3), barium sulfate 

(BaSO4), silica (SiO2), and calcium sulfate (CaSO4) (Baker 2004, Bartels et al. 
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2005). 

(2) Colloidal fouling 

Colloidal particles in feed water can lead to severe fouling due to the formation of a 

dense cake layer on the membrane surface. Generally, the sources of colloids in 

feed water are organic colloid, iron corrosion products, precipitated iron hydroxide, 

algae, and so on (Cohen and Probstein 1986, Baker 2004). The silt density index 

(SDI) is a good predictor of the possibility of the feed water to produce colloidal 

fouling (Baker 2004, Alhadidi et al. 2011, Wei et al. 2012, Habib et al. 2013). 

(3) Organic fouling 

Organic fouling occurs when natural organic matter (NOM) and effluent organic 

matter (EfOM), existing in natural water and waste water respectively, accumulate 

on membrane surfaces. Organic fouling accidently happens in drinking water but 

commonly occur in wastewater treatment plants. Typical organic compounds 

involved in the organic fouling may include humic acids (Hong and Elimelech 

1997, Seidel and Elimelech 2002, Tang et al. 2007, Peeva et al. 2011), 

polysaccharides (Broeckmann et al. 2005, Saha et al. 2007, Susanto et al. 2008, 

Ulbricht et al. 2009, Kimura et al. 2012), proteins (Chan and Chen 2004, Li et al. 

2007, Kanani et al. 2008, Susanto et al. 2008, Boributh et al. 2009, Yao et al. 2010, 

Hao et al. 2013) and fatty acids (Brinck et al. 2000, Ang and Elimelech 2008, Amin 

et al. 2010, Li et al. 2011). The properties of organic materials determine their 

relative propensities to foul the membranes, such as the affinity for the membrane 

employed, molecule weight of the organic materials, function groups they have and 

molecule conformation (Mallevialle et al. 1996). 

(4) Biofouling 

Biofouling is the formation of a biofilm on the membrane surface, leading to severe 

flux decline (Flemming 1997, Herzberg and Elimelech 2007, Al-Juboori and Yusaf 

2012). Biofouling is often defined in terms of interactions between the 

microorganism and the membrane surface (Mallevialle et al. 1996). It is caused by 

the accumulated living microorganism on the membrane surfaces and the biofilm is 

difficult to be removed even with chemical cleaning. Membrane fouling caused by 
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organic and inorganic materials may also occur synergistically with the onset of 

biofilm formation (Mallevialle et al. 1996). Currently, many studies have been 

reported on extracellular polymeric substance (EPS)-associated biofouling (Kim et 

al. 2006, Tansel et al. 2006, Cogan and Chellam 2009, Sweity et al. 2011, 

Guezennec et al. 2012, Taimur Khan et al. 2013). 

2.2.3.2 Fouling Mechanism 

In general, the mechanism of membrane fouling can be classified into three types: 

pore closure, pore plugging and cake formation (Figure 2.3), depending on the 

relative size of solute in feed water to the membrane pore size (Schäfer et al. 2005). 

When the dimension of solute is much smaller than the pore size of membrane, pore 

closure induced by the penetration of solute into the membrane pores may occur, 

causing serious flux decline. If the solute has a dimension similar to the membrane 

pore size, pores may be plugged by the solute. Finally, solute bigger than membrane 

pore may eventually accumulate on membrane surface, resulting in the formation of 

a cake layer. Pore closure or plugging is insignificant for non-porous NF and RO 

membranes. 

 

Figure 2.3 The mechanisms of membrane fouling (Schäfer et al. 2005). 

The active areas for porous membranes are their pores. Hence, most fouling 

mechanisms are related to the processes which lead to a reduction in the number of 

active pores. Based on this, in general, membrane fouling can be quantitatively 

described according to the following four fouling mechanism models (Hermia 1985, 

Bowen et al. 1995, Field 2010). 

(A) Complete blocking 
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This mechanism assumes that particles are larger than the pore size and each 

particle in feed water arriving to the membrane surface will participate in membrane 

pore blocking, blocking one pore or some pores. There is no superposition of 

particles that arrive on membrane surface. Therefore, the blocked area of membrane 

surface depends on the filtrated volume of feed water. Furthermore, in this 

phenomenon, it is assumed that the areas of the membrane whose pores are blocked 

are impermeable. As a consequent, the filtration resistance is inversely proportional 

to the ratio of free pores. 

(B) Standard blocking 

In standard blocking, it is assumed that particles are smaller than pore size and all 

particles arriving on membrane settle inside the membrane pores resulting in 

decrease in the pore radius and pore volume. Hence, the occupied pore volume is 

proportional to the volume of feed water that is filtrated. 

(C) Intermediate blocking 

The intermediate blocking law is based on the assumption that particles are possible 

to settle on both previously deposited particles and clean membrane surface. That is 

to say each location of the membrane surface has an equal probability of being 

occupied by particles in feed water. 

(D) Cake filtration 

Finally, by presuming that all particles are accumulated in a cake layer on 

membrane surface, the resulting model corresponds to the so called ―cake filtration‖ 

model. Furthermore, in this model it is assumed that the cake resistance is 

proportional to the thickness of the cake layer formed. 
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Figure 2.4 Four fouling mechanism models for porous membranes: (A) complete 

blocking, (B) standard blocking, (C) intermediate blocking and (D) cake filtration. 

2.2.3.3 Characterization of Mechanical Properties of Cake Layer Developed on 

Membrane Surface 

AFM technique has been widely used for measuring surface roughness of foulant 

layer formed on membrane, while these measurements are usually operated on dry 

surface (Lee et al. 2001, Lin et al. 2009). In fact, AFM can be operated in liquid and 

it has been used for measuring the elastic properties of thin polymer gelation film to 

investigate the degree of swelling and the softness of the gelatin (Domke and 

Radmacher 1998). Besides, AFM was also employed to measure the elastic 

properties of living cells in the field of cell biology (Radmacher 2002). However, 

few studies have applied the AFM in characterizing the mechanical properties of 

cake layer developed on membrane surface in-situ. 
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As shown in Figure 2.5, the differences lying in the AFM force curves of the still 

and soft samples are described (Radmacher 2002). The elastic properties of a 

sample could be corroborated from the slope of the force curve. For a stiff surface, 

when the tip of cantilever touching the surface, the deflection of the tip is 

proportional to the distance between the tip and sample surface (Domke and 

Radmacher 1998, Radmacher 2002). However, as for soft surface, the tip of the 

cantilever tends to indent the sample, resulting in a force curve with a smaller slope 

(Domke and Radmacher 1998, Radmacher 2002). 

 

Figure 2.5 The differences in AFM force curves of the stiff and soft samples. 

Figures are adopted from literature (Radmacher 2002). 

2.3 TRANSPARENT EXOPOLYMER PARTICLES (TEP) 

2.3.1 Introduction 

Transparent exopolymer particles (TEP) have been commonly found in surface 

water, seawater and wastewater, and have been described as a class of particulate 

acidic polysaccharides, which are large, transparent organic particles and can be 

stained by alcian blue (Alldredge et al. 1993). These gel-like particles are 

deformable, highly sticky and appear in various forms, e.g. amorphous blobs, 

strings, films, sheets, clouds, or clumps. TEP and other microgles are parts of the 

size continuum of organic matter in aquatic environments (Passow 2002, Bar-Zeev 

et al. 2012). Membrane technology has been widely employed for seawater 



CHAPTER 2 

16 

desalination, water and wastewater reclamation, while membrane fouling, 

especially biofouling, remains a big challenge (Xu and Liu 2011). TEP have been 

considered as a potential foulant in various membrane systems, such as MF, UF and 

RO, especially at the early stage of biofilm formation on membrane surfaces due to 

their wide existence in aquatic environments (Berman and Holenberg 2005, Berman 

and Passow 2007, Berman 2010, Komlenic 2010, Bar-Zeev et al. 2012). 

The extensive involvement of TEP in membrane fouling is probably due to the 

unique physicochemical properties of TEP: (i) TEP are typically stickier than other 

particles in water (Passow 2002), leading to their easy deposition/accumulation on, 

while difficult to remove from the membrane surfaces; (ii) TEP are highly 

deformable, meaning that they may pass through membrane with a pore size even 

smaller than their dimensions; (iii) TEP are often colonized by microbes in the 

water environment, i.e. TEP may serve as a carrier to transport bacteria from water 

phase to membrane surface through adhesion. This in turn may accelerate the 

formation of biofilm on the membrane surface (Bar-Zeev et al. 2012) and (iv) TEP 

are the materials that can flex easily, fragment and disperse through the MF and UF 

membranes, and then reassemble in the filtrate to form large size network before 

reaching the RO membrane modules (Bar-Zeev et al. 2015). 

2.3.2 Formation and Characteristics of TEP 

Extensive effort has been dedicated to understanding of TEP formation mechanisms 

in water environment. As illustrated in Figure 2.6, two pathways may lead to the 

formation of TEP from dissolved organic matters (DOM) in aquatic environments 

(Passow 2002): (i) some phytoplankton and bacteria can generate TEP directly, i.e. 

TEP may form from mucus, cell coating surfaces, particulate materials and organic 

detritus produced by phytoplankton and bacteria; (ii) TEP can form from precursor 

substances under specific environmental conditions, e.g. turbulence, ion strength, 

concentrations of inorganic colloids etc. It has been believed that the second 

pathway dominates TEP production in marine environments (Passow 2002). The 

precursors, such as polysaccharide fibrils with a diameter of 1-3 nm and 100 nm 

long, are secreted by microorganisms (e.g. phytoplankton and bacteria) or produced 
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through lysis or breakage of cells (Leppard et al. 1977). The produced 

polysaccharides fibrils are then transformed into submicron gel-like substances 

through coagulation (Wells and Goldberg 1993), gelation and annealing (Chin et al. 

1998). Coagulation or agglomeration of the submicron gels would eventually lead 

to the formation of TEP. In this sense, TEP may be regarded as a kind of suspended 

EPS which are present in the form of discrete particles instead of surface-attached 

or dissolved EPS (Alldredge et al. 1993, Passow 2002, Berman and Passow 2007, 

Berman 2010, de la Torre et al. 2010, Berman 2012). 

 

Figure 2.6 Two possible pathways leading to the TEP formation from DOM in 

aquatic environments (Passow 2002). 

TEP have been known as transparent, expolymeric particles formed from acid 

polysaccharides, while are stainable with alcian blue, a dye specific for 

mucopolysaccharides (Passow 2002). Alcian blue is a hydrophilic cationic dye that 

stains both carboxylated and sulfated polysaccharides at pH 2.5 (Passow and 

Alldredge 1995). As TEP form from dissolved exopolysaccharides as precursors, 

they should be distinguished from soluble acid polysaccharides by their size. 

Operationally, TEP are defined as particles stainable by alcian blue, while separated 

through filtration for further quantification (Passow and Alldredge 1995). Filters 

with 0.4 μm pore size have been commonly used for TEP separation. However, 

different views exist in the literature with regard to the size and size distribution of 

TEP. Alldredge et al. (1993) first reported that the length of TEP was in the range of 

3 to 100 µm, whereas particles as small as 0.05 µm had also been considered as 

TEP in studies of membrane fouling (Schippers et al. 2009; Villacorte et al. 2009; 

Schippers et al. 2010; Van Nevel et al. 2012). These in turn suggest that TEP should 
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be fractionated into different size ranges by filtration for quantification.  

Compared with other particles (e.g. phytoplankton, bacteria, detritus and organic 

particles), TEP are surface-active substances and have greater stickiness, i.e. they 

can adsorb or be adsorbed easily by other particles (Dam and Drapeau 1995, Engel 

2000). As TEP may also contain proteins, lipids, amino acids etc., they may serve 

as a pool of both nutrients and attachment sites for microorganisms, thus can be 

regarded as a bacterial ―hot spot‖ (Passow 2002, Bar-Zeev et al. 2012). In addition, 

due to their deformable nature, TEP may easily pass through membranes though 

their ‗apparent‘ size is greater than the membrane pore size. As the consequence, 

part of TEP may escape from low-pressure membrane pretreatment, and 

consequently would have a higher chance to foul the RO unit during seawater 

desalination and water reclamation. 

2.3.3 Determination of TEP 

TEP has been widely studied for many years in the fields of oceanography and 

limnology. Some determination methods for TEP are already available, all of which 

are based on staining with alcian blue. Alcian blue actually refers to any member of 

a family of polyvalent basic dyes, of which the alcian blue 8GX is the most 

common and reliable member (Hayat 1993). This dye has been widely used in 

biological and medical research to stain acidic polysaccharides such as intracellular 

polysaccharides in seaweed and extracellular polysaccharides in colony matrices or 

capsules of algae and bacteria as well as mucous layers, glycosamines in blood or 

urine (Parker and Diboll 1966, Whiteman 1973, Ramus 1977). Alcian blue consists 

of copper-phtalocyanin with four methylene-tetramethyl-isothiouronium-chloride 

side chains (Scott 1973). To date, several analytical methods have been developed 

for determination of TEP as presented below. 

2.3.3.1 Microscopic Enumeration Method 

The microscopic enumeration method was developed for determination of 

abundance and size distribution of TEP (Alldredge et al. 1993, Passow and 
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Alldredge 1994). In this method, the water sample is first filtered through a 0.2 µm 

or 0.4 µm filter. Particles retained on the filter are stained for less than 2 seconds 

with an aqueous solution made up by 0.06% acetic acid and 0.02% alcian blue. 

After stained, the filter-transfer-freeze technique proposed by Hewes and Holm-

Hansen (1983) may be used for quantitative transfer of particles from the filter to a 

glass slide. Harvested stained particles are then observed and counted under a 

microscope. Alternatively, particles can be observed directly on filters if they are 

transferred onto clearing slides (Logan et al. 1994). The TEP concentration is finally 

expressed as the number of particles or total surface area covered by TEP per 

milliliter of water sample.  

This method allows for direct visualization of TEP and has been used to determine 

the abundance of TEP in seawaters (Kiørboe and Hansen 1993, Kiørboe et al. 1994, 

Passow and Alldredge 1995). However, it should be realized that this method has 

some inherent shortcomings. (i) Stained particles usually do not have contrast high 

enough for subsequent image analysis (Passow and Alldredge 1995), whereas it is 

labor-intensive, time-consuming and difficult to be applied when large number 

samples need to be measured. (ii) Theoretically, all TEP particles bigger than 0.2 

µm or 0.4 µm can be captured. However, the mass concentration and quantity of 

TEP in a given water sample may not directly be correlated to number of particles 

due to a wide size distribution of TEP. (iii) It is almost impossible to ensure that 

harvested TEP particles for microscopic examination are all present in a monolayer, 

leading to underestimation of TEP. Nevertheless, the method sill can be used for the 

observation of TEP. 

2.3.3.2 Spectrophotometric Method 

The spectrophotometric method was first developed for determination of TEP by 

Passow and Alldredge (1995b). In this method, the water sample is filtered gently 

through a 0.4 µm filter at a low and constant pressure to avoid deformable TEP 

being pushed through the filter. TEP retained on the filter are then stained with pre-

filtered (0.2 µm) alcian blue solution made up from acetic acid (pH 2.5). After the 

filter has been gently rinsed with clean water to remove excess dye, it is soaked 
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in80% of sulphuric acid solution for 2 hours to re-dissolve the dye bound to the 

TEP particles. Finally, absorbance of alcian blue in the sulphuric acid solution is 

measured at 787 nm. Pre-filtration of alcian blue solution before its use is necessary 

as alclian blue can undergo self-coagulation. In this method, gum xanthan is used as 

a standard chemical of TEP for calibration. The TEP concentration is finally 

expressed as µg gum xanthan equivalent per liter of water. 

Although this method has been most commonly used for determination of TEP, 

some challenges still need to be addressed. In this method, the size cutoff for TEP 

was originally set to be 0.4 µm. However, filters with pore size of 0.05 µm had also 

been employed for TEP determination. Evidence shows that colloidal TEP that pass 

through 0.4 µm filter, but retained by 0.05 µm filter are more abundant than 

particulate TEP bigger than 0.4 µm in various water samples (e.g. fresh and saline 

water) (Schippers et al. 2009, 2010; Villacorte et al. 2009; Van Nevel et al. 2012). It 

appears that this method is only valid for determination of TEP larger than 0.4 µm, 

while a large portion of colloidal TEP may be ignored unreasonably. To tackle this 

problem, before staining by alcian blue, TEP should be fractioned through a series 

of filtrations with different membrane pore sizes.  

2.3.3.3 Centrifugation Method 

In this method, a 70 µm nylon mesh net is used to remove large particles (e.g. 

zooplankton and phytoplankton). Tangential filtration with 0.45 µm nominal pore is 

employed to concentrate TEP. The reaction between acidic group of 

polysaccharides and alcian blue leads to the formation of insoluble non-ionic 

pigments, thus the alcian blue solution is directly added into harvested TEP sample, 

and insoluble pigments produced can be separated by centrifugation (Arruda 

Fatibello et al. 2004). After centrifugation, excess alcian blue remaining in the 

sample is measured at 602 nm. The difference between total alcian blue added to 

sample and that left over after centrifugation represents the quantity of TEP in the 

sample. Again, xanthan gum is used as a calibration standard and TEP 

concentration is expressed as µg gum xanthan equivalent per milliliter. According 

to Berman and Passow (2007), TEP have a mean size of 2-200 µm. However, TEP 
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larger than 70 µm would be removed during the pretreatment of water sample in 

this method.  

2.3.3.4 Fractionation Method 

This method is a variant of the spectrophotometric method developed by Passow 

and Alldredge (Passow and Alldredge 1995), which was further modified by 

Villacorte et al. (Villacorte et al. 2009, Villacorte et al. 2009) in order to fractionate 

TEP in terms of size using a series of filters with different pore sizes. Villacorte et 

al. (2009a) suggested that TEP smaller than 0.4 µm should be classified as colloidal 

TEP according to the definition of colloids (0.001-1 µm) by the International Union 

of Pure and Applied Chemistry (IUPAC). In fact, 65-92% of the total TEP in surface 

water were found to be colloidal TEP (Villacorte et al. 2009). 
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Table 2.2 Comparisons of various TEP determination methods (Discart et al. 2015) 

 
Microscopic enumeration 

method 

Spectrophotometric 

method 
Centrifugation method Fractionation method 

Detection limit 1 particle/filtered amount 
around 2 µg xanthan 

gum/L 

0.10×10
3
 µg xanthan 

gum/L 

around 50 µg xanthan 

gum/L 

Precision ∼ 50% (800 particles/mL) ∼ 5% <1% ∼ 5% 

Sample pretreatment 

No pretreatment 

necessary, fixation with 

formalin possible 

No pretreatment 

necessary, fixation with 

formalin possible 

Removal of salts for 

seawater samples, 

fixation with formalin is 

possible 

No pretreatment 

necessary, fixation with 

formalin possible 

Alcian blue solution 
0.02% alcian blue, 0.06% 

acetic acid 

0.02% alcian blue, 0.06% 

acetic acid 

0.003% alcian blue, 0.2 

mol/L acetate buffer 

solution (pH 4) 

0.02% alcian blue, 0.06% 

acetic acid 

Filter used Polycarbonate 0.4 µm Polycarbonate 0.4 µm No filter 
Polycarbonate 0.05-0.4 

µm 

Interferences by salts None None Yes None 

Interferences by humic 

substances, amino acids 
None None ? None 

Interferences by 

intracellular compounds 
No/Yes No/Yes ? No/Yes 

Simplicity Labor intensive Medium Simple Medium 

Implementation Medium Medium Easy Medium 

Cost Medium Medium Low Medium 

Variability of the results (no calibration) High Low Unknown 
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2.3.4 Effect of TEP on Membrane Fouling 

2.3.4.1 Characteristics of TEP Relevant to Membrane Fouling 

Different from other organic substances in water, TEP possess some unique 

physicochemical characteristics that facilitate their involvement in membrane 

fouling. 

(1) High Stickiness 

In aquatic environments, TEP are involved in many processes due to their high 

stickiness. TEP consist a high fraction of active function groups, such as sulfate 

half-ester groups (R-OSO3-) and uronic acids (R-COO
-
), which facilitate the 

formation of metal ion bridges and hydrogen bonds making TEP very surface-active 

(Mopper et al. 1995). However, it is difficult to measure the absolute stickiness of 

TEP because it is almost impossible to isolate natural TEP from other substances. 

The stickiness of TEP may be estimated by measuring the combined stickiness 

coefficient (α) of natural particles through evaluating the relative contribution of 

TEP to the overall stickiness (Passow 2002). Couette flocculator test is commonly 

adopted for determination of the combined stickiness coefficient of a sample with 

various particles, such as TEP, phytoplankton, bacteria and detritus. In this method, 

the aggregation rate and the size frequency distribution of all particles are measured 

(Passow 2002). It had been reported that the stickiness of TEP estimated by this 

method was greater than 0.1 during diatom blooms (Dam and Drapeau 1995, Engel 

2000). Stickiness of most solid particles, such as the detritus, sediment and 

phytoplankton, has been reported in the range of 0.01-0.0001 (Passow 2002). These 

suggest that TEP has a much higher stickiness than other particles in water, 

implying that TEP can easily absorb or be absorbed by other particles or attach onto 

solid surface, e.g. membrane surface. 

(2) Deformability 

Although the size of TEP is usually larger than the pore sizes of MF and UF 

membranes, TEP have been detected in their permeates (Villacorte et al. 2009, 
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Villacorte et al. 2010, Gasia-Bruch et al. 2011, Van Nevel et al. 2012). It seems that 

under applied pressure, TEP can pass through the membrane pores due to water 

streaming through the membrane as well as the deformability of TEP (Bar-Zeev et 

al. 2015). As micro-gels, TEP share similar property of gels in terms of flexibility. A 

possible mechanism for the prevalence of TEP found in MF and UF filtrates has 

been proposed, but yet experimentally verified (Bar-Zeev et al. 2015). At the inlets 

of the MF or UF membrane modules, TEP and their precursors (e.g. nano-gels) are 

pressurized over the membrane pores. Under applied pressure, the hydrogel 

polymer structure of TEP may flex, fragment and disperse through the membrane 

pores as nano-scale TEP precursors. Subsequently, TEP precursors in the filtrates of 

MF and UF can reassemble to form TEP again before reaching the RO membrane 

modules. This re-organization process of TEP could be accelerated by the presence 

of divalent cations, such as calcium ions which is typically found in wastewater and 

seawater. Consequently, the high deformability of TEP may facilitate the survival, 

prevalence and difficult-removal of TEP in the membrane systems, posing a big 

challenge for RO desalination. 

(3) Extensive microbial colonization 

As particles with large surface area, TEP provide attachment sites for 

microorganisms, while serve as the nutrient pool for attached microorganisms as 

TEP are often proteinaceous particles, lipid droplets, amino acids etc.(Long and 

Azam 1996, Engel and Passow 2001, Passow 2002), About 0.5-25% of all bacteria 

present in seawater and freshwater were attached onto TEP (Passow 2002). 

Moreover, the bacterial density on TEP is a function of the size of TEP: 

N d                                                 (2.1) 

where N is the bacterial density attached on TEP (number µm
-2

 TEP), and d is the 

equivalent spherical diameter of TEP in µm (Passow 2002). Some data pertaining to 

Eq. 2.1 are presented in Table 2.3. 
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Table 2.3 The bacterial density on TEP. Data are from Passow (2002). 

Locations α β 
Bacterial density (µm

-2
) 

References 
5 µm TEP 100 µm TEP 

Coastal 

Pacific 
1.36 0.78 0.39 0.04 

(Passow and 

Alldredge 

1994) 

Adriatic 0.28 0.70 0.09 0.01 
(Schuster and 

Herndl 1995) 

Adriatic 0.30 0.82 0.08 0.007 
(Schuster and 

Herndl 1995) 

Kattegat 

(time series) 
0.25-1.68 

0.35-

1.00 
  

(Mari and 

Kiørboe 1996) 

Pre-bloom 0.26 0.38 0.14 0.05 
(Mari and 

Kiørboe 1996) 

Post-bloom 1.53 0.72 0.48 0.06 
(Mari and 

Kiørboe 1996) 

River 

Danube 
NV NV 0.70 NV 

(Berger et al. 

1996) 

Experimental 0.58 1.06 0.1 0.004 
(Schuster and 

Herndl 1995) 

 

Visualization of TEP and associated bacteria by dual-staining with alcian blue and 

SYBR green revealed that TEP were significantly colonized by microorganisms in 

freshwater, coastal seawater, recycled secondary treated wastewater and sulfide and 

iron rich groundwater (Figure 2.7) (Berman and Parparova 2010). These in turn 

indicate the likelihood of TEP as active agents to be involved in the development of 

membrane biofouling. 
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Figure 2.7 TEP and associated bacteria in fresh water (a), coastal seawater (b), recycled secondary treated wastewater (c) and ground water 

(d). Images are adapted from Berman and Parparova (2010). Water samples were stained by alcian blue combined with SYBR green.
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2.3.4.2 Existence of TEP in Feed Water for Membrane Systems 

TEP have an abundant presence in fresh water and seawater (Table 2.4). The 

concentration of TEP in aquatic environments is dependent on the location, season 

and species of phytoplankton, implying that the TEP levels in the aquatic 

environments are highly variable, ranging from micrograms to milligrams xanthan 

gum equivalent per liter (Passow 2002, Bar-Zeev et al. 2015). In natural waters, the 

peak of TEP concentration usually occurs during the period the bloom of 

phytoplankton (Passow 2002). Higher TEP concentration was observed in the 

euphotic zone as well as in the coastal areas than in the open sea (Passow and 

Alldredge 1994, Engel and Passow 2001). In the coastal and estuarial areas, there 

are more environmental changes compared to the open sea region:, such as (i) 

anthropogenic eutrophication due to runoff or river input (Rabalais et al. 2009, 

Sarma et al. 2009); (ii) phytoplankton bloom in the nutrient-rich coastal areas 

fueling intense microbial activity (Paerl 1988, Riemann et al. 2000, Armbrust 2009, 

Kim et al. 2009, Fouilland and Mostajir 2010, Sintes et al. 2010) and (iii) extensive 

organic matter release due to large-scale jellyfish swarms (Condon et al. 2011). 

These environmental changes drastically affect the formation and then 

concentration of TEP in coasts and estuaries. It should be noted that seawater for 

RO desalination is usually taken from the estuary or/and coastal areas. This means 

that abundant TEP present in these areas will pose a challenge in seawater 

desalination by RO. In addition, MBR has been widely employed for water and 

wastewater purification. In general, TEP concentration in wastewater ranges from 

20 mg Xeq L
-1

 to 100 mg Xeq L
-1

. Table 2.4 summarizes the typical TEP 

concentrations in various aquatic environments.  
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Table 2.4 TEP concentrations in various aquatic environments (Bar-Zeev et al. 2015). 

Water environments Region 
Concentrations 

(µg Xeq L
-1

) 
References Remarks 

Open sea 

Seawater 

Atlantic 27-279 (Engel 2004) a
Waste water secondary effluent 

b
No pretreatment 

c
Feedwater origin: seawater 

d
Feedwater origin: estuary 

 

Role of TEP in engineering 

systems: 

1. Form initial conditioning 

layer 

2. Change surface properties 

3. Facilitate biofilm formation 

through protobiofilm 

attachments 

4. Reinforce existing biofilm 

structures 

Pacific 40-310 (Passow and Alldredge 1995, 

Boyd et al. 2005) 

Coastal 

Seawater 

Singapore 129-1073 (Wurl and Holmes 2008) 

France 26-3604 (Klein et al. 2011) 

Estuary 

Brackish water 

Brazil 13-1199 (José Juan et al. 2012) 

Singapore 281-8026 (Wurl and Holmes 2008) 

Lakes 

Fresh water 

Spain 66-9038 (De Vicente et al. 2010) 

Israel 759-2385 (Berman and Parparova 2010) 

Wastewater treatment 

Brackish water 

Israel
a
 746-4157 (Berman and Parparova 2010) 

Germany
b
 20000-100000 (de la Torre et al. 2008) 

Desalination 

RO inlet 

Israel
c
 78-197 (Bar-Zeev et al. 2009) 

Netherlands
d
 300 (Villacorte et al. 2009) 
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2.3.4.3 TEP-associated Membrane Fouling 

Due to their surface active property, TEP can attach onto or be easily adsorbed by 

other solid surfaces including membranes, whereas they may also serve as a nutrient 

source for the microbial growth in seawater and freshwater (Passow 2002). Bacteria 

attached onto can be brought to solid surfaces through attachment of TEP due to 

their high stickiness. This in turn suggests a possible mechanism by which TEP may 

initiate membrane biofouling. The TEP-associated membrane biofouling has been 

reported in membrane filtration of seawater, surface water and wastewater 

(Schippers et al. 2009, Villacorte et al. 2009, Bar-Zeev et al. 2012, Valladares 

Linares et al. 2012, Van Nevel et al. 2012). For example, a positive correlation was 

established found between TEP level in feed water and membrane fouling 

propensity (Berman et al. 2011). Autopsy of fouled RO membranes further 

confirmed existence of significant amount alcian blue-stainable substances on 

membrane surfaces (Villacorte et al. 2009). Consequently, all these clearly suggest 

the involvement of TEP in membrane fouling development. 

2.3.4.4 TEP-facilitated Biofilm Formation 

Bar-Zeev et al. (2009) reported that a relatively large alcian blue stained area was 

observed on glass slides immersed in seawater after 18 hour contact, suggesting that 

the alcian blue stained substances might not be produced by attached bacteria, but 

they originated from TEP presence in seawater. Such a view was supported by the 

observations that biofilms were developed on a membrane surface after 50 hours 

operation irrespective of whether feed water was disinfected or not (Berman et al. 

2011). It is a reasonable assumption that TEP present in the feed water could play a 

critical role at the early stage of biofilm development onto a membrane surface. 

Thanks to with real time bright field and epifluorescence microscope technique, 

adhesion of TEP and protobiofilm (extensive colonized TEP) onto immersed 

surfaces were observed inside the flow cells upon exposure to overlying untreated 

seawater (Bar-Zeev et al. 2012). On the other hand, biofilm development was 

significantly inhibited in the experiment with seawater filtered through 0.7 µm 

membrane in which both TEP and protobiofilm were removed significantly. These 
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results indicate that highly sticky TEP and TEP-associated protobiofilm may favor 

microbial attachment onto a solid surface, including membrane as schematically 

illustrated in Figure 2.8. 

 

Figure 2.8 Schematic illustration of the initial stages of biofilm formation. a: 

Polymers and colloids; b: Uncolonized TEP; c: Protobiofilm; d: Reversible 

attachment of bacteria; e: Irreversible attachment of bacteria; f: mature biofilm 

(Bar-Zeev et al. 2012) 

2.3.4.5 Removal of TEP 

The removal of TEP from water treatment systems has also been investigated. 

Evidence suggests that particulate TEP (>0.4 µm) can be readily removed by low 

pressure membranes (Schippers et al. 2009, Villacorte et al. 2009). However, in the 

study by Villacorte et al. (2009a), it was found that colloidal TEP 

(0.05µm<TEP<0.4µm) in feed could not be completely removed by microfiltration, 
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ultrafiltration and combined coagulation-sedimentation-rapid sand filtration. As a 

result, a significant amount of TEP still can reach RO membranes after various feed 

water pretreatments (Figure 2.9). For example, it was shown in a RO desalination 

plant that 90% of chlorophyll was removed and silting density index (SDI) was 

significantly lowered through flocculation, sand filtration and microfiltration, yet 

TEP level was reduced only by 30% (Bar-Zeev et al. 2009). It should be noted that 

the concentration of TEP in seawater (in oligotrophic seawater TEP concentrations 

are often <100 µg Xeq.L
-1

) is often lower than other types of naturally occurring 

particles and DOM. This in turn poses a new challenge on how to efficiently 

remove such low-concentration TEP at the pretreatment stage in order to prevent 

TEP-induced RO membrane fouling. 
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Figure 2.9 The removal of TEP through treatment processes in two integrated 

membrane systems. (a) A seawater UF-RO pilot desalination plant in Zeeland 

Province, the Netherlands (Villacorte et al. 2010). (b) A RO plant located in the 

Netherlands with river water as source water (Villacorte et al. 2009). 

2.3.5 Remarks 

Although TEP has not yet been clearly defined in terms of their size distribution, 

TEP should be distinguished from dissolved EPS. For example, colloidal TEP 
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instead of particulate TEP have been shown to be dominant in various water 

environments. It appears from the above that instead of using a membrane with a 

fixed pore size, TEP should be fractionated through a series of membrane filtrations 

with various pore sizes. 

2.4 ALGINATE 

Alginate has been commonly used as a model foulant of EPS in the study of 

membrane fouling. 

2.4.1 Source of Alginate 

Alginates are abundant in nature environments since they are not only the major 

structural polysaccharide present in all brown seaweeds, but also exist as the 

capsular polysaccharides in soil bacteria (Draget et al. 2005). Commercial alginates 

are produced mainly from Laminaria hyperborea, Macrocystis pyrifera, Laminaria 

digitata, Ascophylum nodosum, Laminaria japonica, Eclonia maxima, Lessonia 

nigrescens, Durvillea Antarctica, and Sargassum spp (Smidsrød and Skja˚k-Br˦k 

1990, Draget et al. 2005, Donati and Paoletti 2009). Alginates are usually extracted 

from these algae by treatment with aqueous alkaline solutions, e.g. NaOH (Lee and 

Mooney 2012). Apart from being present in natural seaweeds, alginates are also 

synthesized as capsular polysaccharides by two types of soil bacteria, Pseudomonas 

aeruginosa and Azotobacter vinelandii (Pendarvis 1998, Draget et al. 2005). It 

should be noted that all commercial alginates are extracted from algal sources. 

2.4.2 Chemical Structure of Alginate 

Alginates are unbranched binary copolymers consisting of (1→4) linked β-D-

mannopyranuronic acid (M) and (1→4) linked α-L-gulopyranuronic acid (G) 

residues (Figure 2.10a.) in varying proportions (Draget et al. 2005). In alginates, the 

monomers M and G are randomly arranged along the chain in two kinds of 

homopolymeric blocks (MM-block, GG-block) and one kind of heteropolymeric 

block (MG-block) (Figure 2.10b and Figure 2.10c) (Smidsrød 1974, Draget et al. 
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2005, Lee and Mooney 2012). The composition and sequential structure of these 

blocks in alginates may vary widely with the source algal species, tissue types, 

growth status and seasons (Table 2.5) (Draget et al. 2005, Leal et al. 2008). For 

example, the GG-block content of alginates extracted from L. hyperborean stems is 

about 60%, whereas the percentage of GG-block in other commercially available 

alginates falls into the range of 14.0% to 31.0% (Lee and Mooney 2012). It should 

be noted that the proportion, distribution and length of the three blocks may largely 

affect chemical and physical properties of alginates (Draget et al. 2005, Lee and 

Mooney 2012). In general, GG-block is responsible for the gel formation of 

alginates, while MM-block and MG-block provide flexibility for chains (Draget et 

al. 2005, Lin et al. 2010, Lee and Mooney 2012). It has been reported that the 

intrinsic flexibility of the blocks decrease in the order MG > MM > GG (Donati and 

Paoletti 2009). 

 

Figure 2.10 Structural characteristics of alginate molecule: (a) alginate monomer (b) 

alginate chain conformation (c) alginate blocks distribution. 
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Table 2.5 Molecular composition of alginates extracted from various sources 

(Smidsrød and Draget 1996, Draget et al. 2005). 

Algae sources 
Percentage of 

G M GG-block MM-block MG-block 

Laminaria japonica 0.35 0.65 0.18 0.48 0.17 

Laminaria digitata 0.41 0.59 0.25 0.43 0.16 

Laminaria hyperborea, blade 0.55 0.45 0.38 0.28 0.17 

Laminaria hyperborea, stipe 0.68 0.32 0.56 0.20 0.12 

Laminaria hyperborea, outer cortex 0.75 0.25 0.66 0.16 0.09 

Lessonia nigrescens 0.38 0.62 0.19 0.43 0.19 

Ecklonia maxima 0.45 0.55 0.22 0.32 0.32 

Macrocystis pyrifera 0.39 0.61 0.16 0.38 0.23 

Durvillea Antarctica 0.29 0.71 0.15 0.57 0.14 

Ascophyllum nodosum, fruiting body 0.10 0.90 0.04 0.84 0.06 

Ascophyllum nodosum, old tissue 0.36 0.64 0.16 0.44 0.20 

2.4.3 Physical Properties of Alginate 

In general, the molecular weights of commercially available sodium alginates range 

from 32 kDa to 400 kDa (Lee and Mooney 2012). Besides, alginates are dissolvable 

in water , while their solubility is related to solution conditions including pH, 

alginate concentration, ionic strength and the presence of divalent cations (Draget et 

al. 2005). In addition, the viscosity of alginates solutions is mainly determined by 

the solution pH, e.g. it tends to increase with decreasing pH and the highest 

viscosity is reached atpH 3-3.5 (Lee and Mooney 2012). 
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This chapter has been published as: Meng, S. and Liu, Y. (2013) Alginate block fractions and their effects on 

membrane fouling. Water Research 47(17), 6618-6627. 

CHAPTER 3  ALGINATE BLOCKS AND THEIR 

EFFECTS ON MEMBRANE FOULING 

3.1 INTRODUCTION 

Membrane technology has been widely employed for water and wastewater 

reclamation around the world, while membrane fouling still remains as a big 

challenge. Organic fouling occurs when natural organic matters (NOM) and effluent 

organic matters (EfOM) accumulate on membrane surfaces. In the past few decades, 

to study organic fouling of membrane, alginate has been commonly used as a model 

foulant due to its abundance in nature environments (Lee and Elimelech 2006, 

Katsoufidou et al. 2007, van den Brink et al. 2009, Sioutopoulos et al. 2013). 

Alginates are unbranched binary copolymers consisting of (1→4) linked β-D-

mannopyranuronic acid (M) and (1→4) linked α-L-gulopyranuronic acid (G) (Fig. 

1a.) in varying proportions (Draget et al. 2005). In alginates, the monomers M and 

G are randomly arranged along the chain in two kinds of homopolymeric blocks 

(MM-block, GG-block) and one kind of heteropolymeric block (MG-block) (Figs. 

1b and 1c) (Smidsrød 1974, Draget et al. 2005, Lee and Mooney 2012). 

Composition and sequential structure of these blocks in alginates vary widely with 

the source algal species, tissue types, growth status and seasons (Draget et al. 2005, 

Leal et al. 2008). For example, the GG-block content of alginates extracted from L. 

hyperborean stems is 60% and for other commercially available alginates, the GG-

block percent is between 14.0% and 31.0% (Lee and Mooney 2012). It should be 

noticed that the proportion, distribution and length of the three blocks are important 

characteristics of alginates because they determine the chemical and physical 

properties of alginates (Draget et al. 2005, Lee and Mooney 2012). Generally, GG-

block is responsible for the gel formation capacity of alginates, while MM-block 

and MG-block provide flexibility for chains (Draget et al. 2005, Lin et al. 2010, Lee 
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and Mooney 2012). 

Although alginate has been commonly used in membrane fouling studies, 

surprisingly, no attention has been given to the effects of various alginate blocks on 

membrane fouling development. Depending on their sources, alginates may have 

different chemical and physical properties, which in turn lead to uncertainty and 

poor repeatability of filtration experiments with alginate. Therefore, the main 

objective of this study is to investigate the effects of different blocks of alginate on 

membrane fouling. For this purpose, alginate was first fractionated into MG-, MM- 

and GG-block by the method of partial acid hydrolysis (Leal et al. 2008), and their 

respective filtration behaviors were then examined using a dead-end microfiltration 

system. Membrane fouling caused by MG-, MM- and GG-blocks were further 

analyzed by various filtration models including resistance-in-series model, complete 

blocking model, standard blocking model, intermediate blocking model and cake 

filtration model. In addition, the formation of transparent exopolymer particles 

(TEP) by MG-, MM- and GG-blocks and their effects on membrane fouling were 

also investigated. Meanwhile, the extended Derjaguin-Landau-Verwey-Overbeek 

(XDLVO) theory was employed to calculate the interfacial cohesion energy among 

alginate blocks which is related to the formation of TEP by different alginate 

blocks. 

3.2 MATERIALS AND METHODS 

3.2.1 Fractionation of Alginate 

Sodium alginate (Wako, Japan) was fractionated according to the method by Leal et 

al. (2008). As illustrated in Figure 3.1, in this method, 10 g/L of sodium alginate 

solution was stirred for 2 hours at 1,000 rpm for complete dissolution. 3 M of HCl 

solution was then slowly added into the above alginate solution to reach a final 

concentration of 0.3 M HCl, and the later was heated at 100°C in oil bath for 30 min 

with slow stirring. The cooled solution was centrifuged at 13,420 g-force for 30 

min. The supernatant was harvested and neutralized with 1 M NaOH solution and 

then poured into the equal-volume ethanol solution, yielding a white precipitate. 
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This precipitate was collected by centrifugation at 13,420 g-force for 30 min and 

was finally freeze-dried to obtain the MG-blocks. The insoluble fraction from the 

first centrifugation was re-dissolved in 1 M of NaOH solution under rapid vortex 

condition. The pH of this solution was then readjusted to 2.85 by addition of 1M of 

HCl solution. At pH 2.85, a precipitate appeared and was further separated out by 

centrifugation. After neutralization by 1 M of NaOH solution, the remaining soluble 

fraction was precipitated out by adding ethanol, and resulting precipitate was 

harvested by centrifugation and freeze-dried to obtain the MM-blocks. Again, the 

insoluble fraction was similarly dissolved in 1M NaOH solution, then neutralized 

by 1M HCl and finally was precipitated out by addition of ethanol to obtain the GG-

blocks. All the freeze dried alginate blocks were grinded into powder form in an 

agate mortar and were then stored in a copper sulfate dryer to prevent them from 

being exposed to the damp room condition. All the solutions used were prepared 

with ultrapure Milli-Q water. The above fractionation was repeated three times. 
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Figure 3.1 Fractionation procedure of alginate based on the partial acid hydrolysis 

method. 

In order to characterize the alginate blocks, respective fourier transform infrared 

spectroscopy (FTIR) spectra of the MG-, MM- and GG-blocks fractionated from 

alginate were also measured. Samples were prepared with the FTIR start Kit and 

KBr was used to establish the baseline. 2-4 mg of prepared sample was mixed with 

295 mg KBr and ground thoroughly. The pure KBr and mixed-sample pellets were 

transferred to the disc holder which was subsequently inserted into the spectrometer. 
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The FTIR spectra were recorded using a PerkinElmer FTIR Spectrum GX 50905. 

60 scans were taken for both background establishment and sample measurements. 

3.2.2 Filtration Tests and Membrane Fouling Analysis 

3.2.2.1 Dead-end Microfiltration Test 

Standard dead-end microfiltration module equipped with a 3-L feed vessel and a 50 

mL stainless steel membrane cell was employed to examine the fouling potentials of 

the alginate blocks, i.e. MG-, MM- and GG-blocks (Figure 3.2). 0.2 μm flat-sheet 

nylon membrane (contact angle: 22.6±0.7° at 20°C) with an effective surface area 

of 11.94 cm
2
 (FilTrex, Singapore) was used in this study. The microfiltration 

module was operated at 1 bar provided by compressed nitrogen gas, and filtrate was 

collected in a beaker placed on an electronic balance. The weight change of filtrate 

was recorded at the time interval of 5 s by a data-logger connected to a computer. 

All feed solutions were prepared with 0.01 M NaCl and 0.05 g/L of three alginate 

blocks, respectively. 

Contact angle of the membrane surface was determined by an OCA contact angle 

system (DataPhysics Instruments GmbH, Germany). The reported contact angle is 

the average of at least 20 measurements. Membrane zeta potential was determined 

by an eletrokinetic analyser (EKA, SurPASS, Anton Paar GmbH, Austria) in 10 mM 

NaCl. 
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Figure 3.2 Schematic of the microfiltration system used in the study. 

3.2.2.2 Determination of Membrane Resistance 

The resistance-in-series model (Cheryan 1998) was used to determine the intrinsic 

membrane resistance (Rm), pore blocking resistance (Rp), and cake layer resistance 

(Rc): 

 
t

P
J

R


   (3.1) 

 t m p cR R R R     (3.2) 

where J is permeate flux (m
3
m

-2
s

-1
); Rt is total filtration resistance (m

-1
); ∆P is 

applied pressure (Pa); and µ is solution viscosity (Pa•s). Rm is estimated from Eq. 

(3.1) by filtering ultrapure water through virgin membrane, while Rt can be 

calculated from filtration flux at steady state. In this study, respective fluxes at 200 

min of filtration of MG-, MM- and GG-blocks were used for calculation. After 

fouled membranes were gently wiped with a sponge and rinsed with ultrapure water 

to remove the cake layer, the internal resistance Rf was calculated from ultrapure 

water flux through wiped membrane. Finally, Rp can be obtained from Eq. (3.3). 
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 f m pR R R    (3.3) 

3.2.2.3 Analysis of Fouling Mechanism 

To look into the possible mechanisms of membrane fouling by MG-, MM- and GG-

blocks, complete blocking model, standard blocking model, intermediate blocking 

model and cake filtration model were employed in this study (Hermia 1985, Bowen 

et al. 1995): 

Complete blocking model:  

 0/ a oK J tKtJ J e e
    (3.4) 

Standard blocking model: 

 
2 0.5 2

0 0/ (1 2 )s effJ J K A J t     (3.5) 

Intermediate blocking model: 

 
1 1

0 0/ (1 ) (1 )eff a oJ J KA J t K J t       (3.6) 

Cake filtration model: 

 
2 2 0.5 0.5

0 0/ (1 2 ) (1 2 )eff c r oJ J KA J t K R J t       (3.7) 

where Ka is the blocked membrane surface per unit of the total volume permeated 

through the membrane (1/m); Ks is Hermia‘s parameter which is the decrease in the 

cross-section area of the pores per unit of permeate volume (1/m); Kc is area of the 

cake per unit of permeate volume (1/m); Rr is the ratio of the cake resistance to the 

clean membrane resistance (dimensionless). In this study, the J/J0 data of MG-, 

MM- and GG-blocks were fitted to Eqs. (3.4)-(3.7), respectively, and the curve 

fittings were evaluated by relative goodness f which is defined as follows (Liu and 

Wang 2008): 

 
2

min

2

( )
f




   (3.8) 
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where σ
2
 is the prediction error square, and (σ

2
)min is the minimum value among all 

σ
2
 determined by Eqs. (3.4)-(3.7). 

The term σ
2
 is given by: 

 
2

2
( )k kY Y

n p









   (3.9) 

where Yk and kY


are experimental data and regressed values, n-p is called the 

residual degrees of freedom (Montgomery and Runger 2003). 

3.2.3 Determination of TEP 

The concentrations of TEP in three alginate blocks solutions were determined 

according to the method proposed by Passow and Alldredge (1995) (Figure 3.3). 

Water samples were first filtered through a series of polycarbonate filters 

(Whatman, United Kingdom) with different pore sizes (0.05 μm, 0.1 μm and 0.2 

μm). An adjustable pump was used to maintain a stable vacuum of 0.2 bars. The 

TEP retained on the filters were further stained with 1 mL of pre-filtered staining 

solution which was prepared with 0.02% of alcian blue 8 GX (Sigma, USA) in 

0.06% acetic acid solution (pH 2.5), and was stored in a 4°C refrigerator. Alcian 

blue was made contact with TEP for 5s, after then excess stain was removed by 

filtering 1mL of ultrapure water (Milli-Q) through the filter under low vacuum (≤0.2 

bar). Subsequently, the filter was transferred into a beaker and then soaked in 5 mL 

of 80% H2SO4 solution for 2h to elute alcian blue that were bound to TEP. The 

beaker should be gently swirled 3-5 times during this period. At the end of 2h, 

absorbance of the H2SO4 solution with eluted alcian blue was measured using a UV 

spectrophotometer (Shimadzu, Japan) at the wavelength of 787 nm, while ultrapure 

water was used as reference. Six to ten measurements were performed for each 

sample. Gum xanthan was used as a standard of TEP for calibration purpose 

(Kennedy et al. 2009). The TEP concentration is finally expressed as mg gum 

xanthan equivalent per liter of water (mg Xeq L
-1

). In this study, all water samples 

were freshly prepared and analyzed with the same batch of alcian blue solution 
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within one week. The calibration factor was found to be 0.181 mg Xeq per unit 

absorbance at 787 nm wavelength. 

 

Figure 3.3 Schematic of the TEP determination system. 

3.2.4 Interfacial Free Energy Analyses 

In order to explore the mechanisms of TEP formation by various alginate blocks, 

the interfacial cohesion energy among alginate blocks was calculated according to 

the XDLVO theory. Cohesion energy describes the energetic favorability of a solid 

substance interacting through a liquid media with itself, and it offers insights into 

stability and aggregation ability of alginate blocks as well as their potentials of 

deposition onto solid surfaces covered by alginate blocks. Thus, the potentials of 

alginate blocks to aggregate together and further to form TEP can be evaluated. 

3.2.4.1 Contact Angle 

To determine the surface tension components of alginate blocks, contact angles 
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were measured with three probe liquids, out of which two must be polar, and the 

third one must be apolar (van Oss 1993). In this study, ultrapure water (Milli-Q), 

glycerol (Promega, USA) were chosen as polar liquids, while diiodomethane 

(Acros, USA) as an apolar liquid. 

In measurement of the contact angles of different alginate blocks, glass slides were 

carefully cleaned with pure ethanol for 20 min, rinsed with ultrapure water and then 

dried in 60°C oven. The smooth flat surface of each alginate blocks was prepared 

by deposition of 1 g/L of its solution on the cleaned glass slides (Van Oss 2006). 

Subsequently, the coated glass slides were dried in a 60°C oven for 24h, allowing 

complete removal of water. A drop of 1.0 μL probe liquid was placed on the 

prepared glass slides, and contact angle was then measured using a goniometer 

(Dataphysics, USA), equipped with a video camera/computer and image analysis 

software. At least ten measurements were performed for each sample, and the mean 

values of ten measurements were reported. 

3.2.4.2 Zeta Potential 

Zeta potentials of alginate and alginate blocks were measured using a Malvern 

ZetaSizer Nano ZS. Freshly prepared sample solutions were used with 0.01 M NaCl 

as background electrolyte. Right before the zeta potential measurement, the pH was 

measured and kept stable. Each measurement was repeated at least 5 times. 

3.2.4.3 Determination of Surface Tension Parameters of Alginate Blocks 

The surface tension components of alginate blocks (γs
LW

, γs
+
, γs

-
) can be calculated 

from contact angles (Table 3.1) (van Oss 1993) by using the extended Young 

equation (van Oss 1993, Brant and Childress 2002): 

 
 1 cos 2( )TOT LW LW

l s l s l s l                (3.10) 

where θ is the contact angle (°) and subscript s, l represents solid surfaces and probe 

liquids respectively. γ
TOT 

is the total surface tension (mJ/m
2
), while γ

LW
 and γ

AB
 are 

the Lifshitz-van der Waals and the Lewis Acid-Base interaction components 
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(mJ/m
2
) of surface tension respectively. According to Oss et al. (1986), γ

TOT
 can be 

calculated from Eq.(3.11): 

 

TOT LW AB      (3.11) 

The Lewis Acid-Base interaction component is calculated from Eq.(3.12) (Oss and 

Good 1988, M. Greiveldinger and Shanahan 1999): 

 2AB      (3.12) 

where γ
+
 is the electron acceptor parameter and γ

-
 is the electron donor parameter. 

Table 3.1 Surface tension properties (mJ/m
2
) of probe liquids at 20°C. 

 

γ
LW

 γ
+
 γ

-
 γ

AB
 γ

TOT
 

Ultrapure water 21.8 25.5 25.5 51.0 72.8 

Glycerol 34.0 3.92 57.4 30.0 64.0 

Diiodomethane 50.8 0.0 0.0 0.0 50.8 

Data taken from van Oss (1993). 

3.2.4.4 Calculation of Interfacial Cohesion Energy of Alginate Blocks 

According to van Oss (1993), the interaction energy balance for aqueous systems is 

expressed as follows: 

 
1 2 1 2 1 2 1 2

XDLVO LW AB EL

s ls s ls s ls s lsG G G G  

  (3.13) 

where G
XDLVO

 is the total interaction energy between two solid surfaces (s1 and s2) 

immersed in water environments and G
LW

, G
AB

, G
EL

 are the Lifshitz-van der Waals, 

Lewis acid-base interaction and electrostatic double layer terms respectively.  

Surface tension components calculated from above and the zeta potentials can be 

further used to evaluate the free energies per unit area between alginate blocks, e.g. 

ΔGd0
LW, ΔGd0

AB and ΔGd0
EL can be calculated as follows (Hogg et al. 1966, van Oss 

1993, Brant and Childress 2002): 
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0 1 22( )( )LW LW LW LW LW

d l s s lG          (3.14) 
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  (3.15) 
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  (3.16) 

where ε0 is the absolute dielectric constant, equal to 8.854×10
 -12 

C
2
/(J

.
m), εr is the 

permittivity of the liquid (78.5 for water), δs1 and δs2 are the surface potentials of 

solid 1 and solid 2 respectively, d0 the contact distance between two solids and is 

usually adopted as 0.158 nm, κ is the inverse Debye screening length (1/m) which is 

given by (Elimelech et al. 1995): 

 

1/2
2 2 2

10

0

2 ( )
5.58 10
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r

e N c z c z

kT T


 

 
   
 
 

 
  (3.17) 

where e is the electron charge (1.6×10
-19

C), NA the Avogadro constant 

(6.022×10
23

/mol), k the Boltzmann‘s constant (1.38×10
-23

J/K), ci the concentration 

of positive ion I in the bulk solution (mol/L), zi the valence of positive ion I, and T 

is the absolute temperature. In this study, 0.01 M of NaCl solution was used as the 

background electrolyte. At the average working temperature of 300 K, κ was 

estimated as 3.22×10
8
 which was then used in this study. 

3.2.5 Field Emission Scanning Electron Microscope (FE-SEM) Analysis 

In order to visualize the TEP formation, 10-20 mL of the MG-, MM- and GG-

blocks solutions as used in the filtration experiments were filtered through 

polycarbonate filters at low pressure. The dried filters with TEP were examined by a 

FE-SEM (Jeol JSM-7600F, Japan). 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Alginate Composition of Alginate 

In this study, alginate was fractionated into MG-, MM- and GG-blocks with a total 

recovery yield of 79.4±3.5% which was comparable with the recovery efficiency 

reported in the literature, e.g. about 75% (Leal et al. 2008). Figure 3.4 shows the 

appearances of the fractionated blocks. The alginate used in this study was 

composed of 13.8±1.9% of MG-block, 53.5±1.3% of MM-block and 32.7±0.6% for 

GG-block. Obviously, MM-block was the main component of the alginate sodium 

studied. 

 

Figure 3.4 Appearances of MG-, MM- and GG-blocks fractionated from alginate 

sodium. 

Figure 3.5 showed the respective FTIR spectra of the three alginate blocks. The 

broad bands were centered at the wave numbers of 3393 cm
-1

, 3401 cm
-1

, 3381 cm
-1

 

which could be assigned to the hydrogen bonded O-H stretching vibrations. The 

weak signals at the wave numbers of 2923 cm
-1

, 2935 cm
-1

, 2939 cm
-1

 were likely 

due to C-H stretching vibrations, while the asymmetric stretching of carboxylate O-

C-O vibration would be responsible for the bands observed at 1618 cm
-1

, 1610 cm
-1

, 

1615 cm
-1

. It had been reported that the bands at 1420/1412/1419 cm
-1

 could be due 

to C-OH deformation vibration coupled with O-C-O symmetric stretching vibration 

of carboxylate group (Steyermark 1976, Leal et al. 2008). The medium absorption 

observed at 1305 cm
-1

, 1303 cm
-1

, 1320 cm
-1

 may be assigned to O-C stretching 

vibration of carboxylic acid and derivatives (Steyermark, 1976). In addition, the 
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medium to strong IR absorption bands at 1200-970 cm
-1

 were mainly due to C-C 

and C-O stretching in pyranoid ring as well as a C-O-C stretching of glycosidic 

bonds (Gómez-Ordóñez and Rupérez 2011). In fact, an intense absorption in this 

spectral region is common for all polysaccharides (Synytsya et al. 2010). The 

fingerprint or anomeric region at 950-750 cm
-1

 showed three typical absorption 

bands in all alginate polysaccharides. The band at 957/938/949 cm
-1

 was probably 

due to the C-O stretching vibration of uronic acid residues and the bands at 

886/889/904cm
-1

 was assigned to the C1-H deformation vibration of β-mannuronic 

acid residues. Lastly, the band observed at 814/820/812 cm
-1

 reflected the presence 

of mannuronic acid residues (Chandía et al. 2004). 

 

Figure 3.5 FTIR spectra of MG-, MM- and GG-blocks. 

3.3.2 Filtration behaviors of MG-, MM- and GG-blocks 

Figure 3.6 shows the respective flux profiles observed during the microfiltration of 

MG-, MM- and GG-blocks. Although these blocks were derived from the same 
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alginate, their filtration behaviors appeared to be very different. Minimum flux 

decline was observed during the filtration MM-block, while a much severer flux 

reduction was recorded in the filtration of GG-block. Meanwhile, the membrane 

fouling during the MG-block filtration was found to be the severest, especially in 

the initial period of filtration. Table 3.2 shows the respective filtration resistances of 

MG-, MM- and GG-blocks, and it can be seen that pore-blocking resistances of 

three alginate blocks tended to increase in the order of MM-block<GG-block<MG-

block, while the resistances due to cake layer appeared to be comparable for the 

three blocks. In fact, these results were consistent with the flux profiles presented in 

Figure 3.6. The fraction of the cake resistance in the total filtration resistance varied 

from 52.9% to 73.6% for different blocks, implying that cake formation was the 

major contributor of the observed membrane fouling. However, for MG-block and 

GG-block filtration, pore blocking resistance accounted for 34.4% and 29.2% of the 

total filtration resistance respectively, suggesting that pore blocking was not 

negligible though cake resistance was dominant. On the contrary, the pore blocking 

resistance was only about 4.4% of the total resistance in MM-block filtration, i.e. 

16.8-fold lower than cake resistance. 
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Figure 3.6 Flux profiles of MG-, MM- and GG-block. Experimental conditions: 

MG-, MM- and GG-blocks concentration = 50 mg/L, background electrolyte (NaCl) 

concentration = 10 mM. 

Table 3.2 Respective resistances of the MG-, MM- and GG-block during filtration. 

 
Rm 

(×10
11

 m
−1

) 

Rm/Rt 

(%) 

Rp 

(×10
11

 m
−1

) 

Rp/Rt 

(%) 

Rc 

(×10
11

 m
−1

) 

Rc/Rt 

(%) 

Rt 

(×10
11

 m
−1

) 

MG 8.49 12.68 23.04 34.43 35.39 52.89 66.92 

MM 8.49 22.02 1.69 4.38 28.37 73.6 38.55 

GG 8.49 13.76 17.98 29.15 35.21 57.09 61.68 
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In this study, flux data of MG-, MM- and GG-blocks filtration were fitted to Eqs. 

(3.4)-(3.7), respectively (Table 3.3). Results were further analyzed at three different 

time intervals, i.e. initial filtration (0-15 minutes), intermittent to stable filtration 

(15-200 minutes) and the entire filtration period (0-200 minutes). When the entire 

filtration period was considered, all flux data could be best fitted to the cake 

filtration model, suggesting that cake formation was the main cause of fouling in the 

200-minutes filtration of three different alginate blocks. Furthermore, it appears 

from Table 3 that in the initial filtration period (0-15 minutes), complete blocking 

model can provide best description for flux data obtained from MG-block filtration, 

whereas flux data of MM-block and GG-block can be best fitted to cake filtration 

model and intermediate blocking model respectively. These results implied that pore 

blocking was dominant during the initial filtration period of MG-block filtration, 

while cake formation became significant in MM-block filtration. As for filtration of 

GG-blocks, it was governed by a combined fouling mechanism of pore blocking 

and cake formation. In the intermittent to stable filtration period (15-200 minutes), 

it was found that cake filtration model can explain all flux data obtained from 

filtration of MG-, MM- and GG-blocks, implying cake formation was the main 

causes of membrane fouling during this period. Indeed these analyses were 

consistent with the experimental results presented above. 
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Table 3.3 Model analysis of data obtained from microfiltration of MG-, MM- and GG-block. 

Filtration time Feed solutions 

f 

Complete blocking 

(Eq.(3.4)) 

Standard blocking 

(Eq.(3.5)) 

Intermediate blocking 

(Eq.(3.6)) 

Cake filtration 

(Eq.(3.7)) 

0-15 minutes 

MG 1.0000 0.5734 0.2125 0.0592 

MM 0.3512 0.5156 0.7282 1.0000 

GG 0.5395 0.7184 1.0000 0.9017 

15-200 minutes 

MG 0.0073 0.0144 0.0355 1.0000 

MM 0.0982 0.2405 0.9237 1.0000 

GG 0.0296 0.0694 0.2616 1.0000 

0-200 minutes 

MG 0.0187 0.0351 0.0837 1.0000 

MM 0.1024 0.2459 0.6926 1.0000 

GG 0.0754 0.1742 0.6707 1.0000 
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It appears from the above discussion that the flux data can best fit into cake 

filtration model for the whole filtration period. According to Eq.(3.7), KcRr is an 

important indicator of the cake formation, which can be calculated from the 

gradient of the plot of (J/J0)
-2

 versus filtration time. It can be seen in Figure 3.7 that 

the filtration MG-block solution possessed had the highest a KcRr value among all 

the three blocks studied. These in turn suggest that more cake layer formed on 

membrane in the filtration of MG-blocks. Such an observation indeed is consistent 

with the resistance analysis as discussed above (Table 3.2). 

 

Figure 3.7 Time evolution of (J/J0)
-2

 for MG-block, MM-block and GG-block.  

As MG-, MM- and GG-blocks have distinct chemical and physical properties, it is 

reasonable to consider that they may have different fouling propensities. The 

respective flux profiles of these three blocks (Figure 3.6) indeed revealed that MG-

blocks caused the most serious fouling, while the least fouling for filtration of MM-

blocks. The theoretical analysis by various models further confirmed that pore 

blocking was the main fouling mechanism in initial filtration period (0-15 min) of 
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MG-block, and subsequently cake formation became the dominant afterwards. On 

the contrary, for filtration of MM-blocks, cake formation was responsible for 

fouling development throughout the whole filtration process (Table 3.3). These 

suggested that in filtration of MG-blocks, a certain amount of MG-blocks 

penetrated into the membrane pores, and subsequently were adsorbed onto the 

internal walls of membrane, leading to reduced radius and number of the effective 

membrane pores. Different from MG-blocks, some MM-blocks first accumulated 

onto the membrane surfaces to form a cake layer which acted as a pre-filter to 

prevent membrane from further pore blocking. This observation was also supported 

by the results obtained from resistance-in-series model (Table 3.2). The pre-filter 

effect of cake layer was also observed by Liu and Sun (2012) in study of membrane 

fouling by different size particles. In this study, pore blocking observed in filtration 

of MG-blocks accounted for 34.4% of total filtration resistance, whereas only 

4.38% of total resistance was due to pore blocking infiltration of MM-blocks. The 

high Rc value observed in filtration of MG-blocks was possibly due to the 

subsequent accumulation of MG-blocks on membrane surface after pore blocking. 

The fouled membranes after 200 minutes filtration were further examined by FE-

SEM (Figure 3.8), and cake layer was observed on membrane surface in filtration of 

all three alginate blocks, leading to blockage of membrane surface. 
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Figure 3.8 Autopsy of fouled membrane surface by an FE-SEM. a: clean membrane 

surface; b: fouled membrane surface; c: zoom in of the blue area in a; d: zoom in of 

the blue area in b. 

So far, more than 200 kinds of alginates derived from different sources are 

commercially available (Tønnesen and Karlsen 2002), which would be different in 

MG-, MM- and GG-blocks contents as well as in the length of each block (Lee and 

Mooney 2012). As discussed above, it is reasonable to consider that alginates 

extracted from different sources may behave differently in development of 

membrane fouling. As alginates have been commonly used as a model 

polysaccharide in numerous studies of membrane fouling (Lee and Elimelech 2006, 

Sioutopoulos et al. 2013), these would pose a new challenge on interpretation and 

reliability of filtration data if alginates used in filtration experiments were not well 

characterized. 
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3.3.3 TEP Formation and Interaction Energy of Alginate Blocks 

3.3.3.1 TEP Formed from MG-, MM- and GG-blocks 

Results showed that TEP with highest concentration was observed in MM-block 

solution, while the lowest TEP levels were found in MG-block solution (Figure 

3.9). Besides, the concentration of TEP formed from GG-blocks was slightly higher 

than that from MG-blocks, but much lower than those from MM-block (Figure 3.9). 

In particular, the TEP with sizes bigger than 0.2 μm and in between 0.1-0.2 μm in 

MG-block solution were 7.02- and 8.73-fold lower than TEP in the MM-block 

solution. These suggest that MG-blocks had the lowest ability to form TEP, 

especially TEP bigger than 0.2 μm, while MM-blocks exhibited the highest 

potential towards TEP formation. In addition, it should be noted that most TEP 

produced from three alginate blocks fell into a size range of 0.05 to 0.1 μm, and the 

TEP fraction in this range accounted for 72.0% to 92.7% of total TEP. 

 

Figure 3.9 TEP levels in MG-, MM- and GG-blocks solutions. Data are shown as 

the mean±s.d. 
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Figure 3.10 shows microscopic observation of TEP formed from different alginate 

blocks which were retained on membrane surfaces. It can be seen that MG-

blockstended to form small cluster with a few blocks (Figure 3.10a), while MM-

blocks could form bigger clusters through agglomeration of much more MM-blocks 

(Figure 3.10b). Compared with MG-block and MM-block, GG-block 

morphologically seemed to be thinner and longer, and produced fibril-like TEP 

(Figure 3.10c). These indicated that MG-, MM- and GG-blocks would have 

different self-affinities and abilities in formation of TEP with various morphologies. 

Consequently, it is reasonable to consider that TEP found in natural water 

environments (e.g. surface water and seawater) would be developed through self-

aggregation of alginates secreted by bacteria and algae. 

 

Figure 3.10 FE-SEM images of TEP formed from alginate blocks. a: MG-block; b: 

MM-block; c: GG-block; d: clean filter. 
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3.3.3.2 Contact Angles and Zeta Potentials of MG-, MM- and GG-blocks 

Table 3.4 shows the contact angles of the three alginate blocks and their respective 

zeta potentials at pH of about 6.5. It can be seen that MG-, MM- and GG-blocks 

had almost the same water contact angle, while significant differences in their 

contact angles were observed when glycerol and diiodomethane were used as probe 

liquids. As shown in Figure 3.11, all the samples were negatively charged , in the 

pH range of 3 to 10, while the zeta potentials were in the order of alginate<GG-

block<MG-block<MM-block. It appears that alginate was the most stable with the 

lowest zeta potential in the pH range studied. Among the three blocks, MM-block 

with the lowest zeta potential of -15.7 mV appears to be most unstable alginate 

block, and tended to self-aggregate. On the other hand, MG-block and GG-block 

are more stable in water solutions with respective zeta potential of -28.2 mV and -

38.4 mV, indicating that their molecules are more dispersible into solution. In 

general, these results are consistent with amounts of TEP formed in MG-, MM- and 

GG-block solutions (Figure 3.9), i.e. MM-block produces most TEP, while MG-

block and GG-block solutions generate much less TEP. 
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Figure 3.11 Zeta potentials of alginate sodium, MG-, MM- and GG-blocks in 10 

mM NaCl as a function of pH. 

 

Table 3.4 Contact angles and zeta potentials (pH 6.5) of MG-, MM- and GG-blocks. 

 Contact angles (°) 

Zeta potential (mV) 
 Ultrapure water Glycerol Diiodomethane 

MG 20.6±1.4 64.8±1.3 50.3±0.9 -28.2±1.1 

MM 21.3±1.0 25.9±1.2 61.2±2.0 -15.7±1.3 

GG 25.7±0.9 62.1±0.8 52.6±1.5 -38.4±1.6 

3.3.3.3 Free Energy of Cohesion of MG-, MM- and GG-block 

Table 3.5 shows the surface tension parameters of three alginate blocks, which were 

calculated by Eqs. (3.10) to (3.12). It was found that all alginate blocks had high 
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electron donor components (γ
-
) and relatively lower electron acceptor components 

(γ
+
). The higher γ

-
 values may be due to the presence of abundant carboxyl (COO-) 

and hydroxyl (-OH) function groups in alginate. Similar results were also reported 

by Jin et al. (2009).In particular, MG-blocks and GG-blocks had much higher 

electron donor parameter (γ
-
) compared with MM-blocks, revealing that the former 

surfaces may carry more electrons. These implied that the repulsive forces due to 

polar interactions were greater among MG-blocks and GG-blocks, i.e. more difficult 

for MG-blocks and GG-blocks to aggregate. In fact, such analysis was supported by 

the TEP data showing less TEP formed in MG- and GG-block solutions than in 

MM-block solution. 

Table 3.5 Surface tension properties (mJ/m
2
) of MG-, MM- and GG-block 

 
γ

LW
 γ

+
 γ

-
 γ

AB
 γ

TOT
 

MG 34.12 0.92 90.51 18.25 52.37 

MM 27.94 4.66 47.37 29.70 57.64 

GG 33.41 0.34 80.04 10.48 43.89 

Table 3.6 shows the respective free energy of cohesion per unit area for MG-, MM- 

and GG-blocks, determined according to XDLVO theory. Cohesion energy 

describes the energetic favorability of alginate block interacting through water with 

itself. For all three alginate blocks, the Lewis acid-base component ΔG
AB

 largely 

contributed to the total interfacial free energy, whereas the Lifshitz-van der Waals 

component ΔG
LW

 was found to be negative with a much lower absolute value. 

Compared with other two terms, the electrostatic double layer component ΔG
EL

 

seemed to contribute least to the total interfacial energy, and could be ignored in the 

calculations of organic compounds cohesive energy (Van Oss 2006). A positive 

value of cohesion free energy suggested repulsive interfacial surfaces. According to 

the total interfacial free energy, ΔG
TOT

 (Table 3.6), the highest repulsive force was 

observed in MG-blocks, i.e. MG-block would have the smallest tendency toward 

self-aggregate in water solution as compared to other two alginate blocks. On the 

other hand, with a much lower ΔG
TOT

, MM-blocks were more likely to aggregate 

together and further form TEP as compared with MG-blocks. In addition, GG-
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blocks had a ΔG
TOT

 value slightly smaller than MG-blocks, thus GG-block had a 

low ability to form TEP. The relationship between interfacial free energies and TEP 

derived from alginate blocks is shown in Figure 3.12. These in turn provided a 

plausible explanation for the formation ability of TEP by GG-, MM- and MG-

blocks as presented in Figure 3.9. 

Table 3.6 Interfacial free energies (mJ/m
2
) of MG-, MM- and GG-block. 

 ΔG
LW

 ΔG
AB

 ΔG
EL

 ΔG
TOT

 

MG -2.75 73.04 0.18 70.47 

MM -0.76 21.20 0.057 20.50 

GG -2.47 69.62 0.34 67.49 

 

Figure 3.12 Relationship between cohesive energy and TEP levels in the alginate 

blocks solutions. 
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3.3.4 Effects of TEP on Membrane Fouling 

As shown in Table 3.4, the respective zeta potentials of MG-, MM- and GG-blocks 

were -28.2±1.1, -15.7±1.3 and -38.4±1.6mV. Figure 3.13 shows the pH-dependent 

zeta potential profile of the nylon membrane used in this study. Since nylon 

membrane surface had a zeta potential of 16.6mV at pH 6.5, the attractive 

electrostatic forces between membrane surfaces and the alginate blocks would be 

expected. Theoretically, these suggested the highest attraction force between GG-

blocks and the membrane surface. However, the severest fouling was not observed 

in the filtration of GG-blocks, i.e. electrostatic forces might not be the main cause 

of observed membrane fouling in this study. 

 

Figure 3.13 Zeta potential of nylon membrane surface as a function of pH. 

It can be seen in Figure 3.10 that MG-, MM- and GG-blocks, to some extent, all had 

tendency to form TEP through self-aggregation, which was in order of MM-

block>GG-block>MG-block in terms of quantity (Figure 3.9). These indeed were in 

good agreement with the predictions by XDLVO theory. For example, the cohesive 
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interaction energy of MM-blocks was the lowest among all three alginate blocks, 

suggesting that MM-block had the highest self-aggregation potential in water. As 

the result, the highest amount of TEP was produced from MM-blocks (Figure 3.9).  

As can be seen in Figure 3.6, the smallest flux decline was observed in the filtration 

of MM-blocks, while the largest flux decrease was found in the filtration of MG-

blocks. Such fouling behaviors were likely related to the amount of TEP produced 

by each kind of alginate blocks (Figure 3.9). Due to their bigger sizes, more TEP 

than individual blocks would be retained by membrane, leading to the development 

of cake on membrane surfaces. This is supported by the results in Figure 3.14, 

showing a positive correlation between of TEP amount in feed water and the ratio of 

cake resistance to total resistance. In fact, such results were consistent with the 

theoretical analyses of MG-, MM- and GG-block filtrations (Table 3.3). For 

example, cake formation was a dominant fouling mechanism in filtration of MM-

block solution with high TEP concentration, while pore blocking appeared to be the 

main cause of membrane fouling for filtration of MG-block solution with the lowest 

TEP concentration. In fact, Bar-Zeev et al. (2012) reported that TEP tended to 

attach to solid surfaces. Moreover, Discart et al. (2013) also observed the presence 

of TEP on microfiltration membrane surfaces. It is a reasonable consideration that 

TEP should be involved in development of membrane fouling.  
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Figure 3.14 Relationship between TEP concentrations and the percent of cake layer 

resistance in total resistance (Rc/Rt). 

3.4 CONCLUDING REMARKS 

Alginate was composed of MG-, MM- and GG-blocks, and these three different 

blocks exhibited distinguished propensities and behaviors of membrane fouling. 

The severest fouling was observed in the filtration of MG-blocks, while the least 

flux decline was recorded for MM-blocks. GG-blocks had a fouling tendency in 

between MG- and MM-blocks. It was also found that the initial pore blocking was 

responsible for the severe fouling in MG-block filtration, while the cake layer 

formed on membrane surface during MM-block filtration would serve as a pre-filter 

that prevented membrane from further pore blocking. The observed fouling 

behaviors of the alginate blocks, in part, could be explained by their abilities to 

form TEP. TEP could be developed through self-aggregation or cross-link of 

alginate blocks. The cake formation was dominant fouling mechanisms at higher 

TEP concentration (e.g. MM-block solution), while severer membrane pore 
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blocking was observed at lower TEP concentration (e.g. MG-block solution). This 

study clearly revealed the effects of TEP on membrane fouling which was related to 

molecular structure of alginate. 
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This chapter has been published as: Meng S., Winters H, Liu Y. Ultrafiltration behaviors of alginate blocks at 

various calcium concentrations. Water Research, 2015, 83: 248-257. 

CHAPTER 4  TEP FORMATION FROM 

ALGINATE BLOCKS AT VARIOUS CALCIUM 

CONCENTRATIONS AND THEIR EFFECTS ON 

MEMBRAEN FOULING 

4.1 INTRODUCTION 

Membrane technology has been intensively employed worldwide for clean water 

production and wastewater reclamation. However, membrane fouling has been 

known as a factor leading to increased operation and maintenance costs (Shannon et 

al. 2008, Elimelech and Phillip 2011, Zhang et al. 2014). Alginate as a typical 

model foulant has often been used in study of membrane fouling under various 

conditions (Lee and Elimelech 2006, van den Brink et al. 2009, Katsoufidou et al. 

2010, Mi and Elimelech 2010). The combinations and sequences of blocks in 

alginate may vary widely, and determine the chemical and physical properties of 

alginate which in turn affect their filtration behaviors (Draget et al. 2005, Lee and 

Mooney 2012, Meng and Liu 2013). Evidence also showed that the filtration 

behaviors of alginates were also significantly influenced by the presence of divalent 

cations, e.g. calcium ion (Katsoufidou et al. 2007, van de Ven et al. 2008, Listiarini 

et al. 2009). For example, a strong correlation between calcium ion concentration 

and membrane fouling rate by alginate had been reported by van den Brink et al. 

(2009). Such an observation can be explained by the classic ―egg-box‖ model 

according to which calcium ions tend to bind preferentially to the GG-blocks of 

alginate and form an egg-box-like structure with alginate molecules (Grant et al. 

1973, Draget et al. 2005). In turn, the later may lead to the development of alginate 

cake layer on membrane surfaces (Katsoufidou et al. 2007, van den Brink et al. 

2009). It should be realized that no study has explored the effects of calcium ion on 

membrane fouling development in consideration of alginate molecular composition. 

As MG-, MM- and GG-blocks of alginate have distinguished chemical and physical 
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characteristics, it is reasonable to consider that these alginate blocks may possess 

highly different fouling propensities in the presence of calcium ion. 

Increasing evidence suggests that transparent exopolymer particles (TEP) are 

responsible for the development of membrane fouling (Berman and Holenberg 

2005, Meng et al. 2013, Bar-Zeev et al. 2015). TEP originally found in marine 

environment is a class of transparent particulate acidic polysaccharides that can be 

stained by alcian blue (Alldredge et al. 1993). Operationally, TEP has been defined 

as particles retained by 0.4 µm polycarbonate filter that can be stained by alcian 

blue (Passow and Alldredge 1995). This pore size 0.4 µm was chosen due to the fact 

that in limnological research, substances passing through 0.2-0.4 µm filters are 

usually considered as ―soluble‖ (Discart et al. 2015). Concurrently, polysaccharide 

materials stained by alcian blue and passing through 0.4 µm polycarbonate filters 

are considered as precursors of TEP, which can further form TEP (Passow 2000). 

Subsequently, to better understand the role of TEP in the development of membrane 

fouling, Villacorte et al. (2009a) further fractionated TEP according to their sizes by 

using in-series filtrations with filters of different pore sizes (i.e. 0.05 to 0.4 µm). So 

far, the involvement of TEP in the fouling development in various membrane 

systems including microfiltration (MF), ultrafiltration (UF) and reverse osmosis 

(RO) had been reported (Villacorte et al. 2009a,b, 2010a,b, 2012). Alginate as a 

common and widespread polysaccharide has been reported to generate TEP-like 

particles that can be stained by alcian blue and was used as standard calibration 

substance for TEP determination (Passow and Alldredge 1995, Thornton et al. 

2007). Previous study showed that TEP can form from alginate blocks (e.g. MG-, 

MM- and GG-blocks) (Meng and Liu 2013). Therefore, it is reasonable to use 

alginate blocks as a model of TEP and this study mainly aimed to explore the effects 

of calcium ion on the formation of TEP from MG-, MM- and GG-blocks as well as 

the specific roles of the formed TEP in the development of membrane fouling. 



CHAPTER 4 

69 

4.2 MATERIALS AND METHOD 

4.2.1 Alginate Fractionation 

The alginate was fractionated following the method as described in Chapter 3 to 

obtain MG-, MM- and GG-blocks. Results show that the alginate sodium used was 

composed of 13.8±1.9% of MG-block, 53.5±1.3% of MM-block and 32.7±0.6% for 

GG-block. MM-block was the main component of the alginate studied. All alginate 

blocks samples should be stored in a copper sulfate dryer to prevent them from 

being exposed to the damp room condition. 

4.2.2 TEP Formation from Alginate Blocks at Different Levels of Calcium Ion 

4.2.2.1 Determination of TEP 

TEP formed in respective MG-, MM-, and GG-blocks solutions with and without 

the presence of calcium ion were determined similarly with the method described in 

Chapter 3. Briefly, 50 mg/L of sample solutions were prepared by dissolving the 

required amount of MG-, MM- and GG-blocks into ultrapure Milli-Q water with 

continuous stirring for 2 hours. CaCl2
.
2H2O (Sigma, USA) was used to make up 

solutions with different calcium ion concentration. All sample solutions were 

freshly prepared just before the determination of TEP. A series of polycarbonate 

filters (Whatman, United Kingdom) of pore size 0.05, 0.1, 0.2 and 0.4 μm were 

employed to determine the TEP respectively. Three to five measurements were 

conducted for each sample and every sample was measured at least three times. The 

average absorbance was then used to calculate the TEP concentration in each 

sample. Gum xanthan (Sigma, USA) was used as a standard substance of TEP for 

calibration and the TEP concentration was finally expressed as mg gum xanthan 

equivalent per liter of water (mg Xeq
.
L

-1
). It should be noted that the term TEP used 

in this study was subjective to the definition by Villacorte et al. (2009a), i.e. alcian 

blue-stainable particles that can be retained by 0.05 μm polycarbonate filter. 
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4.2.2.2 Microscopic Observation of TEP 

The appearance of TEP derived from alginate blocks in the presence or absence of 

calcium ion was observed by a microscope (Keyence, Japan). The fresh TEP 

solutions were prepared prior to observation as described in Section 4.2.2.1. In 

order to visualize TEP with the bright-field microscope, alginate block solutions 

with or without presence of calcium ion were stained by freshly pre-filtered (0.05 

μm polycarbonate filter) alcian blue solution as presented in Chapter 3 (Passow and 

Alldredge, 1995). Stained samples were then observed under the microscope. For 

each sample, about 20 images were randomly taken. 

4.2.3 Field Emission Scanning Electron Microscope (FE-SEM) Analysis and 

Zeta Potential Measurements 

The changes in the microstructures of alginate blocks due to addition of calcium ion 

were observed by an FE-SEM (Jeol JSM-7600F, Japan). For FE-SEM observation, 

MG-, MM- and GG-blocks in the absence and presence of calcium ion were first 

collected. 10-20 mL of the same sample solutions as used in above section were 

filtered through 0.1 μm polycarbonate filters (Whatman, United Kingdom) at 0.2 

bars and then freeze dried completely in a freeze dryer (Christ, Germany) for further 

examination. All samples were observed at least three times and each time 5-10 

pictures were randomly recorded. 

The zeta potentials of alginate blocks in the absence and presence of calcium ion 

were also measured using a Malvern ZetaSizer Nano ZS. All samples were freshly 

prepared prior to the measurements and each measurement was repeated at least 

five times. 

4.2.4 Cross-flow Ultrafiltration Experiments 

The filtration behaviors of various alginate blocks solutions in the presence or 

absence of calcium ion were examined in a standard laboratory-scale cross-flow 

ultrafiltration module (Sterlitech, USA) at a constant pressure of 2 bars and a 

temperature of 25±2°C. Feed solutions were prepared as described in Section 
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4.2.2.1. A commercial polyethersulfone (PES) UF membrane (AMFOR INC, 

Beijing) with molecular weight cut off (MWCO) of 20 kDa was used in this study. 

The flat sheet PES membrane was soaked in the Milli-Q water for at least 12 hours 

for membrane wetting prior to use. Feed water was circulated in the close-loop 

module by a gear pump (Cole-Parmer, USA) at a cross-flow velocity of 10 cm/s. 

Permeate was collected in a beaker which was placed on an electronic balance. The 

weight of permeate was recorded at the time interval of 15 s by the data logger 

system which was connected to a computer. Before each filtration test run, Milli-Q 

water was first filtered for 24 hours to compact and equilibrate the membrane. 

Filtration test of each sample was repeated at least three times. Furthermore, in 

order to determine the rejection rate of MG-, MM- and GG-blocks by the UF 

membrane, the total organic carbon (TOC) concentrations in the feed and the 

permeate were analyzed by a TOC analyzer (Shimadzu, Japan). The respective TOC 

concentrations in the feed water prepared from MG-, MM- and GG-blocks were 

found to be 18.0±0.2 mg/L, 18.0±0.1 mg/L and 17.9±0.2 mg/L. 

4.2.5 Analyses of Fouling Rate and Foulant Mass 

The total membrane filtration resistances were calculated according to Darcy‘s law: 

 
t

P
J

R


   (4.1) 

where J is the permeate flux (m
3
m

-2
s

-1
); Rt is the total filtration resistance (m

-1
); ∆P 

is the applied pressure (Pa); and µ is the solution viscosity (Pa•s). Fouling rates 

were determined from the slope of the plot of total resistance versus time, whereas 

the initial fouling rate was calculated from the initial linear part in the plot of total 

resistance against filtration time as shown in Figure 4.1. In addition, total foulant 

mass deposed on the membrane surface was measured as the difference between the 

initial amount of alginate blocks in the feed and that left in the solution after the 

filtration. 
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Figure 4.1 Calculation of initial fouling rate (dR/dt) from the filtration data.  

4.2.6 Characterization of Fouled Membrane 

Surface morphology and topography of the fouled membranes were examined by 

the FE-SEM and a XE 100 atomic force microscope (AFM, Park Systems, Korea) 

respectively. In order to track of the development of cake layer on the membrane 

surface, membrane samples taken at different filtration times of 10 min, 30 min and 

1,500 min were examined. The sampled membranes were completely dried in a 

freeze dryer (Christ, Germany) prior to observation. For the purpose of comparison, 

samples used for respective FE-SEM and AFM observations were cut from the 

same location of fouled membranes. For each observation, at least 16-20 pictures 

were randomly recorded. 



CHAPTER 4 

73 

4.3 RESULTS AND DISCUSSION 

4.3.1 TEP Derived from Alginate Blocks at Various Calcium Concentrations 

4.3.1.1 TEP Concentrations Derived from Alginate Blocks 

Figure 4.2 shows the concentrations of TEP derived from the MG-, MM- and GG-

blocks in the absence and presence of calcium ion. Without addition of calcium ion, 

the MM-blocks exhibited greatest tendency of self-aggregation, as the result, the 

highest concentration of TEP was recorded among three alginate blocks, whereas 

the lowest-concentration TEP was observed in the solution of MG-blocks. These 

can be reasonably explained by different cohesive interaction energies between 

alginate block molecules that can be calculated by extended Derjaguin-Landau-

Verwey-Overbeek (XDLVO) theory (Meng and Liu 2013). For example, the 

cohesive interaction energies of MG-, MM- and GG-blocks are all positive and tend 

to decrease in the order of MG>GG>MM. A positive cohesion free energy indeed 

reflects a repulsive force between interfacial surfaces. Therefore, MG-blocks should 

have the lowest self-aggregation tendency for TEP formation, whereas TEP would 

likely be easily formed from self-aggregation of MM-blocks as observed. 
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Figure 4.2 TEP concentrations derived from MG-, MM- and GG-blocks at various 

calcium concentrations. 

It should be noted that the formation of TEP in the presence of calcium ion 

appeared to be different from those observed in the cases without addition of 

calcium ion. In sense of chemical coagulation, calcium ion can enhance the 

aggregation of all the alginate blocks, leading to more TEP production as shown in 

Figure 4.2. It was found that the concentrations of TEP derived from alginate blocks 

tended to increase in the order MG<MM<GG in the presence of calcium ion. In 

fact, it was not surprising to observe that GG-blocks generated the highest-

concentration TEP. As documented in the literature, there is a strong binding 

between GG-block and calcium ion, resulting in a three dimensional network of 

alginate strands held together through ionic interactions, known as ―egg-box‖ 

structure (Figure 4.3) (Grant et al. 1973, Draget et al. 2005). The biaxially linked G 

residues in GG-blocks form a cavity that can accommodate divalent calcium ion, 

i.e. GG-blocks can easily link together through the bridging of calcium ion. As 
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such, more TEP can develop from GG-blocks in the presence of calcium ion as 

observed in Figure 4.2. 

 

Figure 4.3 The egg-box model of GG-blocks binding with calcium ions (Grant et al. 

1973, Draget et al. 2005). 

Figure 4.4 further shows TEP formation from GG-blocks at various Ca
2+

 

concentrations with a fixed Na
+
 concentration of 10 mM. According to Ca

2+
 

concentration, the phases pertaining to TEP development can clearly be derived 

from Figure 4.4: (i) at low Ca
2+

 concentration (0 to 0.015 mM), TEP formation was 

not sensitive to Ca
2+

 concentration; (ii) at medium Ca
2+

 concentration of 0.15 to 0.5 

mM, the formation of TEP from GG blocks appeared to be proportionally related to 

Ca
2+

 concentration, and as the result, a sharp increase in TEP concentration was 

observed in this phase; (iii) at high Ca
2+

 concentration of 0.5 to 2.0 mM, further 

increase of the Ca
2+

 concentration had insignificant effect on TEP formation from 

GG-blocks at a given concentration of GG-blocks. These results indeed provide 

direct evidence showing the dependence of TEP formation on calcium ion, i.e. Ca
2+

 

should play a critical role in TEP formation. 
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Figure 4.4 The total TEP concentrations (TEP retained by 0.05 μm polycarbonate 

filters) formed from GG-blocks with increasing Ca
2+

 concentration. 

Although the TEP produced from MG- and MM-blocks was also enhanced by 

addition of calcium ion, it was much lower than that from GG-blocks. The binding 

mechanisms of MG- and MM-blocks with calcium are currently unclear. It had been 

reported that hydrogels formed by alginates rich in M residues were softer, less 

porous and unstable towards disintegration with time as compared with those 

developed from alginates rich in G residues (De Vos et al. 1996, Simpson et al. 

2004). These imply that MG- and MM-blocks can‘t firmly bind to calcium ion, 

evidenced by differences in the stiffness of alginate blocks which are in the order 

MG<MM<GG (Smidsrød 1974, Vold et al. 2006). The differentiation lying in the 

molecule conformations of MG-, MM- and GG-blocks is shown in Figure 4.5. The 

highly flexible MG-blocks preferably tend to bind to water molecules instead of 

forming complexes with calcium ion (Smidsrød, 1974). Therefore, such behavior of 

MG-blocks indeed unfavors the formation of TEP even in the presence of calcium 
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ion. This is further supported by the observation of that the TEP concentration was 

increased insignificantly with increasing the calcium concentration from 1 mM to 2 

mM (Figure 4.2). As the rigidity of MM-blocks was higher than that of MG-blocks, 

MM-blocks should preferably react with calcium ion, as a result, more TEP was 

produced (Figure 4.2). 

 

Figure 4.5 The differentiation lying in the molecule conformations of MG-, MM- 

and GG-blocks. 

In addition, the positive correlation between TEP in different size ranges and 

calcium concentrations in solutions of MM-blocks are observed in Figure 4.6, 

suggesting the dependence of the TEP formation on the level of calcium ion in the 

solution MM-blocks.  
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Figure 4.6 Relationship between calcium ion concentrations and TEP levels in MM-

block solutions. 

4.3.1.2 Effect of Calcium Ion on the Morphology of TEP  

TEP formed from MG-, MM- and GG-blocks in the presence or absence of calcium 

ion were visualized by a light-field microscope. Figure 4.7 provides direct 

observation of the morphology and structure of TEP derived from alginate blocks. 

In the absence of calcium ion (Figure 4.7 a-c), only few small TEP were observed. 

However, much more and large TEP with complex structures were captured in the 

vision field of the microscope in the presence of calcium ion, as indicated by strong 

blue color (Figure 4.7 d-f). For example, both the concentration and the size of TEP 

derived from GG-blocks were significantly increased in the presence of calcium 

ion. These indeed are in good agreement with the TEP results presented in Figure 

4.2. As discussed above, GG-blocks can generate more TEP through the formation 
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of the complex ―egg-box‖ structure among GG-blocks and calcium ion. 

 

Figure 4.7 Microscopic images of TEP derived from MG-, MM- and GG-blocks 

without (a, b, c) and with calcium ion (d, e, f). TEP were stained with alcian blue. 
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4.3.2 Structural Changes of Alginate Blocks with Addition of Calcium Ions 

FE-SEM images revealed the changes in microstructure of alginate blocks induced 

by calcium ion. The filament-type alginate blocks were observed in the absence of 

calcium ion (Figure 4.8a-c), whereas much bigger and more compact structure was 

developed for all the three alginate blocks after addition of calcium ion (Figure 4.8 

d-f). Moreover, the microscopic morphologies of MG-, MM- and GG-blocks were 

completely altered by calcium ion. Such changes in the microstructure of alginate 

blocks are likely due to the binding with calcium ion as discussed above. 

 

Figure 4.8 Microstructure observation of MG-, MM- and GG-blocks without (a, b, 

c) and with calcium ion (d, e, f). 
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Table 4.1 summarizes the zeta potentials of MG-, MM- and GG-blocks solutions at 

various concentrations of calcium ion. With the addition of calcium ion, the zeta 

potentials of alginate blocks all tended to decrease, indicating that alginate blocks 

became less stable and had greater tendency of aggregation among themselves. 

Consequently, this may affect their fouling propensity during membrane filtration. 

Table 4.1 Zeta potentials (mV) of alginate blocks at various calcium ion levels 

 0 mM 1 mM 2 mM 

MG-blocks -21.2±1.1 -15.9±1.6 -9.7±1.3 

MM-blocks -13.4±1.7 -11.7±0.9 -9.8±1.2 

GG-blocks -29.9±1.4 -23.7±1.3 -16.7±1.0 

4.3.3 Filtration Behaviors of Alginate Blocks at Various Calcium 

Concentrations 

4.3.3.1 Flux Profiles of MG-, MM- and GG-blocks 

As presented above, it is obvious that calcium ion has significant effects on the 

physic-chemical properties and microstructures of MG-, MM- and GG-blocks, 

subsequently their potentials to form TEP. Figure 4.9 shows the permeate flux 

profiles observed during the ultrafiltration of MG-blocks at various concentrations 

of calcium ion. The higher of the calcium concentration, the severer membrane 

fouling is observed. In the absence of calcium ion, the initial flux declines slowly. 

However, in the presence of 1 mM and 2 mM calcium ion, a rapid decline was 

observed at the initial phase. The TOC concentration of the permeate further 

revealed that the rejection rate of MG-blocks (Table 4.2) by the membrane was only 

about 28.8% without calcium ion, however it increased to 56.9% and 57.2% with 

the addition of 1 mM and 2 mM Ca
2+

, respectively. These results indicate that most 

of MG-blocks were smaller than the pores of membrane, thus could pass through 

the membrane. On the contrary, with the addition of calcium ion, calcium ion 

promoted the self-aggregation of MG-blocks (Figure 4.2), leading to the formation 

of large MG-blocks complexes that can be effectively retained by the ultrafiltration 
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membrane used in this study. 

 

Figure 4.9 Flux profiles of MG-blocks at various calcium ion concentrations 

Table 4.2 Membrane rejection rates of MG-, MM- and GG-blocks filtrations at 

various calcium ion levels  

 0 mM 1 mM 2 mM 

MG-blocks 28.8±1.3 56.9±1.4 57.2±2.0 

MM-blocks 88.7±1.1 96.0±1.5 97.2±1.3 

GG-blocks 85.6±1.8 93.7±0.9 95.3±1.6 

Figure 4.10 shows the filtration profiles of MM-blocks in the absence and presence 

of calcium ion. Without addition of calcium ion, the flux decline during the 

ultrafiltration of MM-blocks was much less than that observed for MG-block. The 

TOC concentration of the permeate shows that 88.7% of MM-blocks was retained 

by the ultrafiltration membrane used in this study. According to the filtration data of 
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MM- and MG-blocks, it is reasonable to consider that most of MM-blocks had a 

size bigger than MG-blocks. This indeed is supported by the prediction by the 

XDLVO theory, i.e. MM-blocks possess the highest self-aggregation potential to 

form bigger TEP in water (Meng and Liu 2013). Furthermore, the addition of 

calcium ion significantly promotes the self-aggregation of MM-blocks and the 

formation of TEP. As the result, much severer decline in the permeate flux was 

observed. As can be seen in Figure 4.10, the severity of the flux decline is 

proportionally related to the concentration of calcium ion added to the MM-block 

solutions. For example, the filtration flux of MM-block solution in the absence of 

calcium ion only decreased to 82.7% of its initial flux after 48-hour ultrafiltration. 

However, with the addition of 1 mM and 2 mM calcium ion to the MM-block 

solutions, the respective fluxes significantly dropped to 23.9% and 14.7% of the 

initial flux. In addition, the measured TOC concentrations in the permeates further 

indicate that 96.0% and 97.2% of MM-blocks were rejected in the presence of 1 

mM and 2 mM of calcium ion, respectively. Previous study also showed that the 

formation of cake layer on the membrane surface was the main cause of membrane 

fouling in the filtration of MM-blocks with a 0.2-μm microfiltration membrane 

(Meng and Liu 2013). Similarly, it is reasonable to consider that the formation of 

cake layer by MM-blocks was mainly responsible for the observed fouling during 

the ultrafiltration with a membrane of 20,000 Daltons. As shown in Figure 4.2, the 

addition of 1 mM and 2 mM of calcium ion greatly promoted the formation of TEP 

(>0.05 µm) in the MM-blocks solutions from 4.0 mg Xeq/L without calcium ion to 

9.6 and 17.1 mg Xeq/L) respectively. On the other hand, Figure 4.7 also reveals that 

TEP formed in the presence of calcium had more complex structure than TEP 

developed in the absence of calcium. Obviously, these calcium-induced physical 

changes to TEP inevitably expedite the formation of cake layer on the UF 

membrane.  
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Figure 4.10 Flux profiles of MM-blocks at various calcium ion concentrations 

Figure 4.11 shows the effects of calcium ion on the ultrafiltration behaviors of GG-

blocks. Compared to the MG- and MM-blocks, calcium ion had a much greater 

effect on the ultrafiltration of GG-blocks. The permeate flux of GG-blocks in the 

absence of without calcium, only declined 89.7% of its initial value after 24-hour 

filtration. However, in the presence of 1 mM and 2 mM of calcium, an extremely 

quick drop in the respective filtration fluxes of GG-blocks was observed in the 

initial phase, and only 6.8% and 5.6% of the initial flux remained after 24-hour 

ultrafiltration. Such severe membrane fouling can be explained by the highest 

concentration of TEP obtained in the GG-blocks solutions after the addition of 

calcium (Figure 4.2), as compared to MM- and MG-blocks. For example, only 

about 3.6 mg Xeq/L TEP > 0.05 µm was determined in the GG-block solution 

without addition of calcium, whereas 71.1 and 72.2 mg Xeq/L were obtained at the 

calcium concentrations of 1 mM and 2 mM respectively. Meanwhile, Figure 4.7 

showed the structure of TEP derived from GG-blocks in the presence of calcium 

also became larger and more complex. Furthermore, the TOC concentration in the 
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permeate showed 93.7% and 95.3% of GG-blocks were rejected after the addition 

of 1 mM and 2 mM calcium. Therefore, the increases in concentration and size of 

TEP derived from the GG-blocks solutions in the presence of calcium are definitely 

responsible for the observed quick and severe membrane fouling (Figure 4.11).  

 

Figure 4.11 Flux profiles of GG-blocks at various calcium ion concentrations. 

4.3.3.2 Analysis of Initial Fouling Rate and Foulant Mass Deposited on Membrane 

Surface 

The initial fouling rate and total foulant mass on the membrane surface deposition 

were calculated in order to establish the relationship between TEP concentration 

and the fouling development.  The ultrafiltration membrane used in this study has a 

MWCO of 20 kDa, thus TEP measured with a size >0.05 μm should not result in the 

pore blocking of membrane. Figure 4.12 shows a positive correlation between the 

TEP concentration (>0.05 μm) and the initial fouling rate. It appears that TEP plays 

a critical role in the initial development of membrane fouling. These results also 
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suggest that TEP can adhere onto the membrane surface very quickly to form a gel-

like layer as also reported by Bar-Zeev et al. (2012).  

 

Figure 4.12 Correlation between the TEP concentrations in feed water and the initial 

fouling rate. 

The foulant mass deposed on the membrane surface offers direct insights into the 

cake layer formed by TEP (TEP>0.05 μm). It can be seen in Figure 4.13 that the 

amount of foulants is proportionally correlated to the TEP concentration in the feed 

water. Figure 4.12 and Figure 4.13 offer a much clearer understanding of the role of 

TEP in the development of membrane fouling. In fact, such an observation is 

supported by the study of Bar-Zeev et al. (2012) showing that TEP preferably tend 

to attach to solid surfaces. 
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Figure 4.13 Correlation between the TEP levels in feed water and the foulant mass 

deposition on membrane surface. 

4.3.3.3 Development of Cake Layer at Different TEP Concentrations 

As discussed above, the formation of cake layer on the membrane surfaces was of 

critical importance in the ultrafiltration of MM- and GG-blocks. In the present 

study, FE-SEM and AFM techniques were employed to visualize the membrane 

surfaces fouled at two different TEP concentrations. Although TEP were freeze-

dried prior to microscopic observation, these visualization techniques could still 

provide direct evidence of the TEP attachment on the membrane surfaces.  

As can be seen in Figure 4.14a, only few and small TEP were deposited on the 

membrane surface after 10-minute filtration at the low TEP concentration, while 

remarkable accumulation of TEP on the membrane surface was observed at the high 

concentration (Figure 4.14b). After 30-minute filtration, some membrane still 

remained blank in the ultrafiltration of low-concentration TEP solution, but the 

entire membrane surface was eventually completely covered by TEP in the filtration 
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of the high-concentration TEP solution (Figure 4.14c and Figure 4.14d). These 

observations indeed are in good agreement with the results in Figure 4.12 showing 

high-concentration TEP resulted in high initial fouling rate. Figure 4.14e and Figure 

4.14f further show the fouled membrane surface after 1500-minute filtration. It 

should be noted that crafts in these two figures were created by the freeze dry 

process in the preparation of the samples for FE-SEM. Fortunately, these crafts 

revealed that the thicker cake layer was developed at the higher TEP concentration.  

 

Figure 4.14 FE-SEM images of the membrane fouling processes with different TEP 

levels. 

In addition, three dimensional AFM images (Figure 4.15) also revealed the 

phenomena similar to those by FE-SEM. The roughness was evaluated from AFM 
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images on different locations of the same fouled membrane and the average values 

were reported in Figure 4.15. It appears that the roughness of the fouled membrane 

surfaces tended to increase with the successive accumulation of TEP, and the 

changes in the surface roughness was also related to the TEP concentration, e.g. the 

surface roughness was found to increase rapidly during the filtration of high-

concentration TEP solution. 

 

Figure 4.15 The three dimensional AFM images of the membrane fouling processes 

with different TEP levels. a, c, e and b, d, f are the cake layer formed in the filtration 

of low and high TEP concentration respectively.  
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4.3.4 Effects of Calcium Ion on The Cross-linking of MG-, MM And GG-blocks 

It is demonstrated above that despite derived from the same source of alginate, MG-

, MM- and GG-blocks behaved totally differently in the reactions with calcium ion. 

Figure 4.16 schematically illustrates possible interactions between various alginate 

blocks and calcium ion. As discussed above, most of MG-blocks are small enough 

to pass through the membrane used in present study. After the addition of calcium 

ion, only few TEP were form from MG-blocks, i.e. the interaction or reaction 

between MG-blocks and calcium ion is insignificant. Unlike MG-blocks, the 

binding between MM-blocks and calcium ion appeared to be much stronger and 

seemingly Ca
2+

-dependent. As a result, the TEP concentration in the MM-block 

solution was much higher than that observed in the MG-block solution. The most 

notable reaction was found between GG-blocks and calcium ion, and the addition of 

calcium ion to the GG-block solution significantly enhanced the production of TEP, 

resulting in a quick formation of cake later on the membrane surface.  

So far, more than 200 kinds of commercial alginates derived from different sources 

are available in the market and the MG-, MM and GG-blocks contents in alginates 

vary largely (Tønnesen and Karlsen 2002, Lee and Mooney 2012). In the literature, 

alginate from various suppliers has been commonly employed as a model foulant, 

but with no consideration of possible differences in their molecular compositions 

and structures. As shown in Figure 4.16, MG-, MM- and GG-blocks indeed exhibit 

different cross-linking structures with calcium ion which exists extensively in 

various water and wastewater environments. Therefore, it appears to be necessary to 

characterize the molecular compositions and structures of alginates from various 

sources which would be useful for better interpretation of filtration results from 

different types of membranes. 
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Figure 4.16 Schematic representation of the effects of calcium ion on the MG-, MM 

and GG-blocks 

4.4 CONCLUDING REMARKS 

Although derived from the same source alginate, MG-, MM and GG-blocks 

exhibited distinguished properties, and such differences were further intensified by 

the presence of calcium ion. The reaction between calcium ion and GG-blocks was 

found to be strongest, and more TEP was thus produced. As the result, ultrafiltration 

membrane was quickly fouled by accumulated TEP on its surface. Although the 

formation of TEP from MM-blocks was enhanced by the addition of calcium ion, it 

was not as intensive as that observed for GG-blocks. As such, the development of 

membrane fouling during the ultrafiltration of MM-block solution was slowed 
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down. The effect of calcium ion on MG-blocks was slightest, and only very limited 

amount of TEP was produced. Thus, the membrane fouling by MG-blocks was not 

as serious as those observed during the ultrafiltration of MM- and GG-blocks. More 

importantly, this study provided experimental evidence showing the critical role of 

TEP in the development of membrane fouling. 
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CHAPTER 5  TEP-ASSOCIATED MEMBRANE 

FOULING AT VARIOUS SODIUM 

CONCENTRATIONS 

5.1 INTRODUCTION 

TEP are ubiquitous and abundant in many aquatic environments including 

freshwater and seawater. As a highly surface-active material, TEP are very sticky in 

nature and highly foldable in physical structure. Because of their high abundance 

and unique properties, TEP are essentially involved in many aquatic systems. For 

example, as gel-like, free swimming particles, TEP can enhance the aggregation of 

solid non-sticky particles in water systems (Passow 2002) and they also provide 

surfaces for microbial colonization (Passow and Alldredge 1994, Passow 2002, 

Azam and Malfatti 2007, Berman and Parparova 2010). It has been shown that 

about 0.5-25% of all bacteria present in seawater and freshwater were attached onto 

TEP (Passow 2002). This suggest that free swimming TEP as a carrier can transport 

bacteria from water phase to another solid surface by adhesion, and evidence shows 

that TEP can play an active role in the development of aquatic biofilms (Berman 

and Holenberg 2005, Bar-Zeev et al. 2012, Bar-Zeev et al. 2015). Therefore, the 

effect of TEP in the development of reverse osmosis (RO) membrane fouling in 

seawater desalination has attracted more and more concern (Villacorte et al. 2009, 

Villacorte et al. 2009, Villacorte et al. 2010).  

Two pathways have been proposed to illustrate the formation of TEP from dissolved 

organic matter (DOM) in aquatic environments, i.e. abiotic and biotic (Chin et al. 

1998, Passow 2002, Verdugo et al. 2004, Verdugo and Santschi 2010, Meng et al. 

2013). In the biotic pathway, microorganism uptakes DOM and produce TEP via 

mucus/cell coating detachment, particulate material release or TEP can directly 

form from detritus of the microorganism during their growth or senescence (Berman 

and Viner-Mozzini 2001, Passow 2002, Berman‐Frank et al. 2007, Meng et al. 
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2013). In the abiotic pathway, TEP form from precursor substances under specific 

environmental conditions. These precursors include dissolved fibrillar 

polysaccharides released from various planktonic organisms as well as intracellular 

substances released during lysis or breakage of cells (Passow 2002, Meng et al. 

2013, Bar-Zeev et al. 2015). By coagulation, gelation or annealing, such fibrillar 

polymers form submicron gels which further coagulate to form TEP (Passow 2002). 

It has been believed that abiotic pathway is predominant in TEP formation in 

various aquatic environments (Passow 2002, Bar-Zeev et al. 2015). Of particular, 

the abiotic TEP formation significantly depends on the types of precursors and 

environmental conditions (Passow 2002).  

It had been observed that the formation of TEP can be promoted by divalent cations 

(e.g. calcium ion) through bridging with neighboring TEP molecular chains (Bar-

Zeev et al. 2015). It should be realized that TEP have been detected in many 

different ecosystems, including freshwater (rivers, lakes even groundwater), 

wastewater (including brackish water) and seawater (Passow 2002, Bar-Zeev et al. 

2015), where TEP concentrations were found to be highly variable, ranging from µg 

to mg gum xanthan equivalent per liter (Bar-Zeev et al. 2015). Obviously, these 

water bodies consist of different salts components (e.g. commonly sodium and 

calcium ions by quantity) which likely play a critical role in TEP development. For 

example, sodium concentration is much higher in seawater than in freshwater. 

However, little has been known about the effect of sodium ion on TEP formation in 

the presence of calcium ion. Therefore, this study aimed to offer new insights into 

TEP formation from alginate blocks at various Na
+
 concentrations at a given Ca

2+
 

level and its effect on the development of membrane fouling. This study should be 

very useful for better understanding TEP formation and abundance in natural 

aquatic environments and their potential implications in various kinds of 

membrane-based water and wastewater technologies. 
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5.2 MATERIALS AND METHOD 

5.2.1 Preparation of Alginate Blocks Solutions 

To obtain MG-, MM- and GG-blocks, sodium alginate (Wako, Japan) was partially 

hydrolyzed with HCl according to the method employed by Leal et al. (2008). As 

described in Chapter 3, the fraction soluble in 0.3 M HCl is MG-blocks, accounting 

for 13.8±1.9% in the alginate molecule. The fractions soluble and insoluble at pH 

2.85 are MM-blocks and GG-blocks respectively, composing 53.5±1.3% and 

32.7±0.6% of the alginate. Sample solutions were prepared by dissolving MG-, 

MM- and GG-blocks respectively into ultrapure Milli-Q water with continuous 

stirring for 2 hours to make a final concentration of 50 mg/L. CaCl2
.
2H2O (Sigma, 

USA) and NaCl (Wako, Japan) were used to set calcium ion and sodium ion 

concentrations. All sample solutions were freshly prepared just before use. 

Although pH was not adjusted, it remained approximately 6.7±0.3 in all alginate 

blocks solutions. 

5.2.2 Determination of TEP in Solutions of Alginate Blocks 

TEP levels formed from alginate blocks at various sodium ion concentrations were 

determined similarly with the method described in Chapter 3. Briefly, prepared 

sample solutions were filtered through a series of polycarbonate filters (Whatman, 

United Kingdom) of pore size 0.05, 0.1, 0.2 and 0.4 μm by applying a constant 

vacuum of 0.2 bars. Subsequently, 1 mL of Milli-Q water was then filtered through 

the filter to wash out the remaining salinity as shown in Figure 5.1 (Villacorte et al. 

2015). TEP accumulated on the filters were stained by pre-filtered alcian blue 

solution and excess dye was then removed by vacuum filtration and another 1 mL of 

Milli-Q water rinse. Washed filters with TEP were immersed in 80% H2SO4 

solution for about 2 hours. A light green color developed in the beakers. Finally, the 

absorbance of the sulfuric acid solution with eluted alcian blue was measured. 

Absorbance corrections due to stain adsorption on filter and interference because of 

high salinity were also performed (Villacorte et al. 2009, Villacorte et al. 2015). 

Three replicates were conducted for each sample and every sample was measured at 
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least three times. Average result of TEP concentration was reported. Calibration was 

conducted with Gum xanthan (Sigma, USA) and the TEP concentration was finally 

expressed as mg gum xanthan equivalent per liter of water (mg Xeq
.
L

-1
). In 

following discussion, TEP refer to all alcian blue-stainable particles that can be 

retained by 0.05 μm polycarbonate filters, unless mentioned otherwise. 

 

Figure 5.1 The procedure of TEP determination in water samples with high salinity. 

To prevent the interference of high salinity to alcian blue staining, samples need to 

be washed before staining. 

5.2.3 Microscopic Observation of TEP 

The effect of increasing Na
+
 concentrations on the morphology of TEP derived from 

alginate blocks was observed by a microscope (Keyence, Japan. The fresh sample 

solutions were prepared prior to observation as described in Section 5.2.1. In order 

to visualize TEP with the bright-field microscope, MG-, MM- and GG-blocks 

solutions were stained by freshly pre-filtered (0.05 μm polycarbonate filter) alcian 

blue solution as presented before (Passow and Alldredge 1995, Berman and 

Parparova 2010). Stained samples were then observed under the microscope. For 

each sample, about 20 images were randomly taken. 
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The micro-structures of TEP derived from MG-, MM- and GG-blocks at different 

Na
+
 concentrations were observed by a field emission scanning electron microscopy 

(FE-SEM) (Jeol JSM-7600F, Japan). Although TEP were freeze dried prior to 

microscopic observation, this microscopic technique could still provide direct 

visualizations of evidence of TEP micro-structures. 10-50 mL of sample solutions 

prepared as described above were filtered through 0.1 μm polycarbonate filters 

(Whatman, United Kingdom) at a constant pressure of 0.2 bars and was then rinsed 

by 1 mL of Milli-Q water. Filters with retained alginate blocks were completely 

freeze-dried completely in a freeze dryer (Christ, Germany) for further examination. 

All samples were observed at least three times and 8-10 images were randomly 

recorded each time. 

5.2.4 Viscoelasticity Properties of TEP Measured by AFM 

A XE-100 AFM (Park Systems, Korea) was employed to determine the stickiness 

and micromechanical characteristics of TEP developed from GG-blocks at different 

Na
+
 concentrations. For force measurements on TEP, TEP films were prepared by 

filtering 1 mg Xeq TEP onto 0.1-μm polycarbonate filters at a constant pressure of 

0.2 bars. Subsequently, the filter with retained TEP was carefully glued onto a 

holder using double-sided sticky tape with TEP film upwards. All TEP samples 

were prepared right before the force measurements. To prevent TEP film 

dehydration, the TEP samples were analyzed in a liquid cell filled completely with 

the test solution of interest. The chemistry composition of the test solution was the 

same as that used in the corresponding TEP samples, while a clean 0.1-μm 

polycarbonate filter was used as a reference surface. The clean filter was first 

soaked in Milli-Q water for 24 hours and 50 mL Milli-Q water was then filtered 

through it just before the measurement. Force measurements on the clean filters 

were conducted with all test solutions. 

The force measurements were conducted at room temperature of 22±2°C. Surface 

architecture was first imaged using non-contact mode to minimize the contact of the 

tip with the TEP film and subsequently a suitable position on the surface was 

located for force measurements. For the force measurements, the scan rate was set 
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at 1 Hz with image resolution at 512 data number per trace. The force 

measurements were approached for an area of 5×5 μm
2
 at a respective forward and 

backward speed of 0.3 μm/s. A minimum of four different places on the TEP film 

was measured and 16 force measurements were conducted at each location. XEI 

1.8.0.Build32 software was used to flatten image as well as to calculate the 

maximum retract force (adhesion) and total adhesion energy. 

5.2.5 Filtration Tests 

Similar with the method described in Chapter 4, filtration behaviors of alginate 

blocks solutions with various Na
+
 concentrations were examined in a standard 

laboratory-scale cross-flow ultrafiltration module (Sterlitech, USA). Feed water was 

prepared as described in above Section 5.2.1 and the cross-flow velocity is set to be 

10 cm/s. The same commercial polyethersulfone (PES) UF membrane (AMFOR 

INC, Beijing) with molecular weight cut off (MWCO) of 20 kDa was used in this 

study. Before each filtration test run, the cross-flow system was carefully cleaned 

and then Milli-Q water was first filtered for 24 hours to compact and equilibrate the 

membrane after which feed water was added. Permeate was collected in a beaker 

which was located on an electronic balance. The weight change of permeate was 

recorded to calculate the flux change of permeate. Filtration test of each sample was 

repeated at least three times. 

In order to determine the fouling rate, total membrane filtration resistances were 

first calculated according to Darcy‘s law: 

t

P
J

R


                                                    (5.1) 

where J is the permeate flux (m
3
m

-2
s

-1
); Rt is the total filtration resistance (m

-1
); ∆P 

is the applied pressure (Pa); and µ is the solution viscosity (Pa•s). Fouling rate was 

then determined from the slope of the plot of total resistance versus time, whereas 

the initial fouling rate was calculated from the initial linear region of the plot as 

described in Chapter 4 (Figure 4.1). The linear filtration resistance increase with 

respect to filtration time represents a constant rise of the TEP attached on the 



CHAPTER 5 

99 

membrane. 

5.2.6 Fouling Layer Formed on Membrane Surface 

AFM technique was also employed to assess the influence of TEP on the cake layer 

development on membrane surface, operated in non-contact and contact mode, 

respectively. Membrane samples fouled by GG-blocks with the addition of 10 and 

100 mM Na
+
 at a fixed Ca

2+
 concentration of 1 mM taken at 30 min filtration time 

were examined. For the purpose of comparison, samples used were cut from the 

same location of fouled membranes. Before measurements, freshly prepared 

membrane samples were carefully rinsed with the test solution. Subsequently, the 

membrane sample was carefully glued onto a holder using double sides adhesive 

tape with fouled membrane surface upwards. All the membrane samples were 

prepared just before the force measurements. To prevent cake layer dehydration, the 

membrane samples were analyzed in a liquid cell filled completely with the test 

solution of interest. The chemistry of the test solution was the same as that used in 

the corresponding filtration tests. 

All force measurements were performed at room temperature (22±2°C). Surface 

architecture was first imaged using non-contact mode to minimize the contact of the 

tip with the membrane surface and subsequently a suitable position on the surface 

was located for force measurements. For the force measurements, the scan rate was 

set at 1 Hz with image resolution at 512 data number per trace. The force 

measurements were approached for an area of 20×20 μm
2
, with a forward and 

backward speed of 0.3 μm/s. The force measurements were performed at a 

minimum of four different places on the sampled membrane surface, and 16 force 

measurements were conducted at each location to ensure representative sampling. 

XEI 1.8.0.Build32 software was used to flatten image and calculate the retract force 

(adhesion). Averaged AFM raw force-distance data were used to produce a force 

versus separation distance curve. In addition, the thickness of cake layer was also 

measured using Line View function of the software. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 TEP Formation from Alginate Blocks 

5.3.1.1 TEP Derived from MG-, MM- and GG-blocks at Various Sodium 

Concentrations 

Figure 5.2-5.4 show that increasing Na
+
 concentration at a fixed Ca

2+
 concentration 

of 1 mM leads to a remarkable reduction in TEP formation from all alginate blocks, 

i.e. MM-, MG-, and GG-blocks. Such a trend is completely different from that 

observed at various Ca
2+

 concentrations as shown in Chapter 4 (Figure 4.2). In the 

case of MG-blocks (Figure 5.2), the concentration of TEP developed at 10 mM Na
+
 

was about 47-, 14-, 12- and 9-times higher than those at a Na
+
 concentration of 100 

mM for TEP in the size range of 0.05-0.1 μm, 0.1-0.2 μm, 0.2-0.4 μm and >0.4 μm. 

The more significant impact of Na
+
 on the formation of TEP from MM-blocks was 

observed in Figure 5.3. At a Na
+
 concentration of 100 mM, extremely low-level 

TEP was developed with both MG- and MM-blocks. Similar to MG- and MM-

blocks, total concentration of TEP developed from GG-blocks tended to decrease 

with increasing Na
+
 concentration from 10 mM to 100 mM at a given Ca

2+
 

concentration of 1 mM (Figure 5.4). In contrast to Ca
2+

, it appears from Figure 5.2-

5.4 that Na
+
 exerts a significant adverse effect on TEP development from all 

alginate blocks. 

Ca
2+

 can act as ―bridges‖ to connect alginate block molecules in a complex 

structure. However, increased Na
+
 concentration can out-compete Ca

2+
, thus 

prevents the Ca
2+

 bridging and decreases the TEP formation. As discussed in 

Chapter 4, in the solutions of MG- and MM-blocks, the bindings between calcium 

ions and these alginate blocks are weaker than that between GG-blocks and calcium 

ions. Therefore, the bridging effect by calcium ion in MG-and MM-blocks is 

weakened or even disappeared at elevated Na
+
 concentration, and this in turn 

explains significantly reduced TEP formation as shown in Figure 5.2-5.3b. Unlike 

MG- and MM-blocks, GG-blocks can bind with calcium ion more strongly, thus the 

adverse effect of Na
+
 on TEP formation from GG-blocks is less significant (Figure 
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5.4b). 

 

Figure 5.2 TEP concentrations derived from MG-blocks with increasing Na
+
 

concentration. TEP levels in each size range (a) and the effect of increasing Na
+
 

concentration on the total TEP concentration (TEP retained by 0.05 μm 

polycarbonate filters) (b). Experimental conditions: MG-blocks concentration = 50 
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mg/L, Ca
2+

 concentration = 1 mM, Na
+
 concentrations are 10 mM, 30 mM, 50mM 

and 100 mM respectively. 

 

Figure 5.3 TEP concentrations derived from MM-blocks with increasing Na
+
 

concentration. TEP levels in each size range (a) and the effect of increasing Na
+
 

concentration on the total TEP concentration (TEP retained by 0.05 μm 
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polycarbonate filters) (b). Experimental conditions: MM-blocks concentration = 50 

mg/L, Ca
2+

 concentration = 1 mM, Na
+
 concentrations are 10 mM, 30 mM, 50mM 

and 100 mM respectively. 

 

Figure 5.4 TEP concentrations derived from GG-blocks with increasing Na
+
 

concentration. TEP levels in each size range (a) and the effect of increasing Na
+
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concentration on the total TEP concentration (TEP retained by 0.05 μm 

polycarbonate filters) (b). Experimental conditions: GG-blocks concentration = 50 

mg/L, Ca
2+

 concentration = 1 mM, Na
+
 concentrations are 10 mM, 30 mM, 50mM 

and 100 mM respectively.  

In general, freshwater (e.g. lake, river and reservoir) often contains less Na
+
 than 

seawater. As revealed in this study, presumably more TEP could form in fresh water 

than in seawater at the same level of precursor materials. This is supported by 

previous studies showing that the highest TEP concentration reported in seawater 

was about 20% and 1.8% of those in freshwater and wastewater, respectively 

(Ramaiah and Furuya 2002, de la Torre et al. 2008, De Vicente et al. 2010, Bar-

Zeev et al. 2015). It should be realized that the occurrence of TEP-associated 

biofilm development would be more frequent in freshwater and wastewater than in 

seawater. These may imply that TEP-associated fouling would pose a more serious 

challenge in wastewater reclamation by membrane than in seawater desalination. 

5.3.1.2 Microscopic Observation of TEP formed under Different Sodium 

Concentrations 

TEP developed from MG-, MM- and GG-blocks at various Na
+
 concentrations with 

a fixed Ca
2+

 concentration of 1 mM were directly visualized by means of a light-

field microscope. As can be seen in Figure 5.5, at the Na
+
 concentration of 10 mM, 

the largest TEP in size and the highest concentration (Figure 5.5) were found in the 

situation of GG-blocks, with markedly complex and compact structure indicated by 

the strong blue color (Figure 5.5c). On the contrary, TEP derived from MG- and 

MM-blocks were much smaller in size and less in concentration (Figure 5.5a-b) 

than that derived from GG-blocks. Similar to the trends observed Figure 5.2-5.4, the 

microscopic images provide visual evidence that less TEP was generated with 

increasing Na
+
 concentration for all the three alginate blocks studied due to the 

competition between sodium and calcium ions for the binding sites on the alginate 

blocks. At 100 mM Na
+
 concentration, it was difficult to capture TEP in the 

solutions of MG- and MM-blocks (Figure 5.5d-e) and the TEP derived from GG-

blocks are much smaller with simpler structure than that formed at 10 mM Na
+
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concentration as shown in Figure 5.5f. 

 

Figure 5.5 Microscopic observation of the effect of increasing Na
+
 concentration on 

TEP derived from alginate blocks. TEP formed from MG-, MM- ang GG-blocks at 

10 mM (a,b,c) and 100 mM (d,e,f) Na
+
 concentration. Experimental conditions: 

MG-, MM- and GG-blocks concentration = 50 mg/L, Ca
2+

 concentration = 1 mM. 

TEP were stained with alcian blue. 

FE-SEM images (Figure 5.6) further reveal the micro-structures of the TEP 

developed at various Na
+
 concentrations, which provide insights into the crosslink 
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of alginate blocks via calcium bonding. For example, at the Na
+
 concentration of 10 

mM, some kind of concrete structure was observed for all the alginate blocks 

studied, which probably resulted from the bridging or cross-linking effect of 

calcium ion among precursors. However, when the Na
+
 concentration was increased 

from 10 mM to 100 mM, nearly no TEP was developed from MG- and MM-blocks 

(Figure 5.6b and 5.6d), whereas a significantly reduced amount of TEP-like 

aggregate was observed (Figure 5.6f). Together with the results presented in Figure 

5.2-5.4, these microscopic observations offer strong and direct evidence in 

supporting the argument of that sodium ion at its elevated concentration can 

outcompete with calcium ion for the bonding sites in the alginate blocks‘ molecules, 

and such competition in turn suppresses the cross-linking among alginate blocks. In 

study of gelation of alginate solution, it had been reported that the formation of 

alginate gel beads was impossible at molar ratio of Na
+
 to Ca

2+
 of 97 (Ouwerx et al. 

1998), which is nearly the same ratio as used in this study at the Na
+
 concentration 

of 100 mM. 
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Figure 5.6 Micro-structure change of TEP derived from alginate blocks caused by increasing Na
+
 concentration. FE-SEM images of the 

micro-structure of TEP formed from MG-, MM- and GG-blocks at 10 mM (a,c,e) and 100 mM (b,d,f) Na
+
 concentration. Experimental 

conditions: MG-, MM- and GG-blocks concentration = 50 mg/L, Ca
2+

 concentration = 1 mM. Scale bar = 1 μm. 
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5.3.1.3 Viscoelasticity of TEP Developed at Different Sodium Ion Concentrations 

It has been known that TEP are highly sticky and deformable (Passow 2002, 

Berman and Holenberg 2005, Villacorte et al. 2009). In this study, AFM was 

employed to measure adhesion force of the TEP layer, which provides quantitative 

information about the viscoelasticity and stickiness of TEP derived from GG-blocks 

at various Na
+
 concentrations with a fixed Ca

2+
 concentration. The force 

measurements were performed on the clean filter surface (Figure 5.7a) and the filter 

surface covered by TEP (Figure 5.7b), respectively. For force measurements on the 

clean filter surfaces, the 10 mM and 100 mM Na
+
 solutions were used and no 

notable difference lying in the force curves was found. The elastic properties of a 

sample could be corroborated from the slope of the force curve. For a stiff surface, 

when the tip of cantilever touching the surface, the deflection of the tip is 

proportional to the distance between the tip and sample surface (Domke and 

Radmacher 1998, Radmacher 2002), which is the case presented in Figure 5.7a for 

the filter surface. However, as for soft surface, like the filter covered by TEP 

(Figure 5.7b), the tip of the cantilever tends to indent the sample, resulting in a force 

curve with a smaller slope (Domke and Radmacher 1998, Radmacher 2002). 

Therefore, it can be reasonably considered that the TEP derived from GG-blocks at 

the Na
+
 concentration of 100 mM should be much softer than the TEP generated 

from GG-blocks at the lower Na
+
 concentration of 10 mM (Figure 5.8). Increasing 

Na
+
 concentration at a fixed Ca

2+
 concentration led to a decreased stiffness of TEP. 

In addition, the adhesion force and energy were concurrently measured based on the 

retract force curve. As can be seen in Figure 5.9, higher adhesion force and energy 

are required to pull off the cantilever tip from the surface of TEP developed from 

GG-blocks at the higher Na
+
 concentration of 100 mM, indicating that the TEP 

formed at higher Na
+
 concentration appeared to be softer and stickier than that 

formed at the lower Na
+
 concentration of 10 mM. These are likely due to the 

outcompeting of Na
+
 against Ca

2+
, leading to lesser crosslinking degree among the 

GG-blocks molecules. In the presence of calcium ion, a highly organized ―egg-box‖ 

like structure of GG blocks can be developed (Grant et al. 1973). However, 

increased Na
+
 concentration at a fixed Ca

2+
 concentration may outcompete with 
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Ca
2+

 in forming this ―egg-box‖ like structure of GG-blocks. Therefore, less TEP 

was developed via the bonding between GG-blocks and Ca
2+

. Moreover, such TEP 

should possess a weaker crosslink and network structure that in turn may explain 

increased softness and stickiness of TEP developed at high Na
+
 concentration as 

shown in Figure 5.8 and Figure 5.9. According to the Young‘s modulus value, Ca-

alginate beads develop at high Na
+
/Ca

2+
 ratio are much softer than those form at 

low Na
+
/Ca

2+
 condition (Ouwerx et al. 1998). Consequently, it appears that the 

quantity and quality of TEP produced from precursors studied are largely 

determined by the concentration of Na
+
 present in aquatic environment. 

 

Figure 5.7 AFM images of (a) clean filter surface and (b) TEP film retained on the 

filter. 
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Figure 5.8 The forward force curves measured at the filter surface and TEP film 

developed at different sodium ion concentrations. 

 

Figure 5.9 Maximum adhesion forces and total energies needed to completely pull 

off cantilever from the sample surfaces. 
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5.3.2 Filtration Behaviors of Alginate Blocks at Various Na
+
 Concentrations. 

5.3.2.1 Permeate Fluxes of MG-, MM- and GG-blocks 

As presented above, it is obvious that sodium ion has significant effects on the TEP 

formation, physic-chemical properties and microstructures of MG-, MM- and GG-

blocks. These suggest that the filtration behaviours of these alginate blocks are 

presumably affected by the presence of sodium ion. In this study, filtration 

behaviours of the alginate blocks at four different Na
+
 concentrations were 

examined in a laboratory-scale cross-flow filtration module. 

Figure 5.10a shows the permeate fluxes observed during the ultrafiltration of MG-

blocks at various Na
+
 concentrations. At the Na

+
 concentration of 10 mM, the 

permeate flux of MG-blocks dropped quickly at the beginning of the test and 69.9% 

of a flux decline was recorded at the end of 20-h filtration. In contrast, the permeate 

fluxes of the MG-blocks decreased much slowly with increasing the Na
+
 

concentration (Figure 5.10b). As discussed above, increasing Na
+
 concentration 

significantly reduced the TEP formation from MG-blocks (Figure 5.2). This 

indicates that the aggregation of MG-blocks was greatly prohibited at elevated Na
+
 

concentration. As the result, most MG-blocks existed in the form of single 

molecules which could easily pass through the membrane pores, leading to less 

cake formation on the membrane surface. 
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Figure 5.10 Filtration behaviours of MG-blocks. a: Permeate fluxes; b: Initial 

fouling rates as well as final flux decline rates (b). MG-blocks concentration = 50 

mg/L. 
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The similar effect of Na
+
 on the filtration behaviours of MM- and GG-blocks were 

also observed in Figure 5.11 and 5.12, i.e. the initial fouling rates and the final 

permeate flux decline rates were reduced at elevated Na
+
 concentrations (Figure 

5.11b and Figure 5.12b). It appears that the membrane fouling developed during the 

filtration of MM- and GG-blocks was mainly due to the formation of the cake layer. 

In this study, the membrane used has a molecular weight cut-off of 20 kDa, thus 

TEP with a size greater than 0.05 μm can be effectively retained, and accumulated 

on the membrane surface, contributing to the formation of cake layer. Furthermore, 

the reduced TEP formation at elevated Na
+
 concentrations in the feed water would 

mitigate the cake layer development during the filtration of alginate blocks (Figure 

5.3 and 5.4). These may explain less serious fouling observed in the filtration of 

MM- and GG-blocks at high Na
+
 concentrations. Since the Na

+
 concentration in 

seawater is much higher than in freshwater, a severer TEP-associated fouling could 

be expected during the membrane filtration of freshwater instead of seawater. 
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Figure 5.11 Filtration behaviours of MM-blocks. a: Permeate fluxes; b: Initial 

fouling rates as well as final flux decline rates. MM-blocks concentration = 50 

mg/L.  
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Figure 5.12 Filtration behaviours of GG-blocks. a: Permeate fluxes; b: Initial 

fouling rates as well as final flux decline rates. GG-blocks concentration = 50 mg/L. 
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It can be seen in Figure 5.13 that the initial fouling rate was positively related to the 

TEP concentration in feed water, while low TEP concentration was observed at high 

Na
+
 concentration. Thus, low fouling propensity was found at high Na

+
 

concentration. The results presented above clearly indicate that the TEP level in 

feed water determines membrane fouling propensity. In fact, it is reasonable to 

consider that the ionic condition of feed water may greatly influence the TEP 

formation that ultimately determines the development of membrane fouling. 

 

Figure 5.13 Correlation between the TEP concentrations in feed water (TEP 

retained by 0.05 μm polycarbonate filters) and the initial fouling rates of the 

alginate blocks in filtration tests. 

5.3.3 Cake layer formed on membrane surface 

The cake layers developed at the end of 30-min filtration of GG-blocks solution 

with the respective Na
+
 concentrations of 10 mM and 100 mM were characterized 
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by AFM. AFM deflection images (Figure 5.14a and b) show the surface topography 

of corresponding areas that were further subjected to the measurements of adhesion 

forces as presented in Figure 5.15 and Figure 5.16. It is impossible to measure the 

adhesion forces on every points of the cake layer, so that four places were randomly 

sampled and the average data of two points is reported. At the Na
+
 concentration of 

100 mM, only a small portion of the membrane surface was covered by scattered 

pin cakes with a mean thickness of 20-120 nm (Figure 5.14a), whereas the adhesion 

forces of these pin cake layers were measured to be in the range of 1.6-3.6 nN 

(Figure 5.15). On contrast, at the Na
+
 concentration of 10 mM, the membrane 

surface was entirely covered by the larger and thicker cake layers (~100-300 nm) 

(Figure 5.14b) with adhesion forces in the range of 10.5 and 21.5 nN (Figure 5.16). 

It is obvious that more TEP attach on the membrane surface at low Na
+
 

concentration, leading to a thicker and stickier cake layer formed on membrane 

surface. These observations are in good agreement with the permeate flux decline 

trends observed in Figure 5.12, where much severer fouling is recorded at low Na
+
 

concentration than at high Na
+
 concentration. Concurrently, TEP quantification 

(Figure 5.4) results are also consistent with the AFM measurements. These once 

again provide direct visual evidence showing that more TEP was formed and further 

deposited on the membrane surface at low Na
+
 concentration, leading to the 

formation of a thicker and stickier cake layer on membrane surface. As such, the 

TEP-associated membrane fouling would be more serious in freshwater than in 

seawater at the given concentrations of precursor and calcium ion. 
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Figure 5.14 AFM images of cake layer in the filtrations of GG-blocks at the Na
+
 

concentrations of 100 mM (a) and 10 mM (b), taken at the end of 30min filtration. 

 

Figure 5.15 AFM force measurements of the cake layer developed on membrane 

surface at the end of 30-min filtration of GG-blocks. Na
+
 concentration = 100 mM.  
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Figure 5.16 AFM force measurements of cake layer developed on membrane 

surface at the end of 30-min filtration of GG-blocks. Na
+
 concentration =10 mM. 

5.3.4 Mechanistic Interpretation of TEP Formation at Various Na
+
 

Concentrations 

As shown above, TEP formation from alginate blocks is significantly affected by 

calcium and sodium ions. Using GG-blocks as an example, Figure 5.17 illustrates 

possible competition of Na
+
 against Ca

2+
 in bonding with alginate blocks. As 

discussed above, at the Na
+
 concentration of 10 mM, a fair amount of GG-blocks 

are cross-linked together through bridging by calcium ions, producing TEP with 

large size and complex structure. With the increase in the Na
+
 concentration from 

10 mM to 100 mM, the bonding opportunity of GG-blocks to calcium ions is out-

competed by sodium ions. As the result of such completion between Na
+
 and Ca

2+
, 

TEP formation was remarkably reduced as observed in Figure 5.4. Moreover, a 

substantial amount of alginate blocks still remained as single molecules without 

inter-aggregation. This in turn may explain that TEP developed at the Na
+
 

concentration of 100 mM were much smaller in size than those formed at 10 mM of 
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Na
+
. It should also be pointed out that similar competition between Na

+
 and Ca

2+
 

was also observed during the formation of alginate gel beads (Draget et al. 1998, 

Qin 2004). Chemically, similar mechanisms are applicable for TEP formation with 

MG- and MM-blocks. 

 

Figure 5.17 Mechanistic interpretation of structural changes occurring in GG-blocks 

bonding with calcium ions in competition with sodium ions. The blue, green dots 

and brown lines represent the calcium, sodium ions and GG-blocks respectively. 
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5.4 CONCLUDING REMARKS 

The current study investigated the effect of Na
+
 concentration on the TEP formation 

from three types of alginate blocks as well as the role of TEP in membrane fouling. 

The results from this study demonstrated that the formation of TEP was highly Na
+
 

concentration-dependent under defined conditions. Increasing Na
+
 concentration 

could markedly reduce the TEP formation from alginate blocks studied due to out-

competition of Na
+
 ion to Ca

2+
 ion, especially for MG- and MM-blocks. As the 

result, membrane fouling by TEP was found to be much less, and kinetically slower 

at higher Na
+
 concentrations. Applying AFM measurements provided direct 

observation and quantitative information about the cake layer formed on membrane 

surface, revealing that at low concentration of Na
+
 the cake layer developed was 

thicker and stickier than that at high Na
+
 concentration The present study offers 

experimental evidence showing that a more abundant TEP can be expected in 

freshwater than in seawater. This in turn implies that TEP-associated biofilm 

development and membrane fouling would be more significant in membrane 

filtration of freshwater than seawater. 
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CHAPTER 6  CONCLUSIONS AND 

RECOMMENDATIONS 

6.1 CONCLUSIONS 

This study investigated the TEP formation from alginate blocks and their effects on 

membrane fouling. The following conclusions have been reached. 

(1) MG-, MM- and GG-blocks which were fractionated from the alginate exhibited 

distinguished propensities in membrane fouling. The fouling propensities of 

these alginate blocks increased in the order MM<GG<MG. Initial pore blocking 

was responsible for the severe fouling in MG-block filtration, while the cake 

layer formed on membrane surface during MM-block filtration would serve as a 

pre-filter that prevented membrane from further pore blocking. The observed 

fouling behaviors of these alginate blocks could be explained by their abilities to 

form TEP.  

 

(2) The analysis by XDLVO theory further revealed that MM-blocks had the lowest 

cohesive interaction energy among all three alginate blocks, which favoured 

aggregation of MM-blocks, and ultimately led to more substantial formation of 

TEP. Since TEP had larger dimension than single molecule of alginate blocks, 

they can effectively promote the formation of cake layer through attachment 

onto membrane surface.  

 

(3) The cohesive interaction energy between MG-blocks was much higher than 

other alginate blocks, which prevented the formation of TEP in MG-blocks 

solution. This made the penetration of MG-blocks through membrane pores 

possible.  

 

(4) Although derived from the same alginate source, MG-, MM and GG-blocks 

exhibited highly different fouling behaviors during membrane filtration and 
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their fouling propensities were found to be related to their abilities to form TEP. 

(5) The reaction between calcium ion and GG-blocks was found to be the strongest, 

thus the highest TEP concentration was produced. Although the formation of 

TEP from MM-blocks was also enhanced by the addition of calcium ion, it was 

not as intensive as that observed for GG-blocks. As to the MG-blocks, the effect 

of calcium ion was the lightest and only very limited amount of TEP was 

produced.  

 

(6) Ultrafiltration membrane was quickly fouled by feed water containing high-

concentration TEP due to the deposition and accumulation of TEP on the 

membrane surface. Correlation between the TEP level in feed water and the 

initial fouling rate as well as the foulant mass deposited on the membrane 

further suggested that the extent of membrane fouling was largely determined 

by the amount of TEP. 

 

(7) In contrast to Ca
2+

, Na
+
 exerted a significant adverse effect on TEP formation 

from various alginate blocks. It was found that increasing Na
+
 concentration 

may markedly reduce the TEP formation from the alginate blocks due to out-

competition between Na
+
 and Ca

2+
 ions, especially for MG- and MM-blocks. As 

the result, membrane fouling by TEP was much less, and kinetically slower at 

higher Na
+
 concentrations.  

 

(8) Lastly, the present study offers experimental evidence showing that a more 

abundant TEP can be expected in freshwater than in seawater. This in turn 

implies that TEP-associated biofilm development and membrane fouling would 

be more significant in membrane filtration of freshwater than seawater. 

6.2 RECOMMENDATIONS 

This study sheds the lights into TEP formation under various water chemistry 

conditions and the TEP-associated membrane fouling. 

Due to their high stickiness, TEP usually can absorb other compounds, such as 
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protein, lipid. The interaction between polysaccharides and these substances should 

be investigated to observe the TEP formation as well as the membrane fouling 

development under defined conditions. 

In natural water environments, TEP are extensively colonized by diverse bacteria. 

The term ―protobiofilm‖ refers to TEP with extensive microbial outgrowth and 

colonization. TEP are considered to play a critical role in the biofilm development. 

The future study should investigate ―protobiofilm‖ with isolated TEP and selected 

bacteria and examine the attachment of ―protobiofilm‖ on membrane surface. 

Besides, the presence of bacteria on TEP maybe changes the structure of TEP as 

well as their effect on membrane fouling. Furthermore, the membrane fouling by 

―protobioflim‖, TEP and bacteria should be studied and compared quantitatively in 

order to clarify their respective roles in initiating membrane fouling. 
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