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Abstract 

Trials of surface modifications using low pressure chemical vapor deposition  (LPCVD) has 

successfully decreased the high temperature needed for the fabrication of SiC membrane 

from 2000°C  to below 900 °C. With this great success on the reduction of the energy con-

sumption, however, further studies on the chemical stability and the fouling features of this 

kind of membrane were necessary. In this research, experiments were done on the SiC-Al2O3 

UF membrane fabricated by LPCVD to study its chemical stability in a NaClO solution and 

its fouling features when filtrating sodium alginate and surface water under constant flux 

cross-flow mode. The backwash efficiency and the fouling resistance were analysed as well 

to further elucidate the fouling composition.  

According to the results, the SiC-Al2O3 membrane coated under higher temperature (860°C) 

remained stable in the NaClO solution for 200 h, (1% for 100 h and then 5% for 100 h) while 

the membrane coated under lower temperature (750°C) showed a water permeability increase 

during chlorine treatment, indicating the dissolution of the SiC layer. The high temperature 

coated membrane (860°C) had a better antifouling ability than  low temperature coated mem-

brane (750°C) and the pristine membrane especially when  filtrating the pure sodium alginate 

(SA) solution without Ca2+ under normal flux (170 LMH) or the surface water under lower 

flux (65 LMH). Cake filtration was observed in the fouling curves when the critical flux was 

not exceeded. The addition of Ca2+ into the pure SA solution resulted in the decrease of elec-

trical repulsion and the increase of bridging between foulants and membrane surface. These 

led to the severe fouling of the high temperature coated membrane. The low temperature 

coated membrane had better antifouling ability than high temperature coated membrane and 

the pristine membrane when 2 mmol/L of Ca2+ was added. However, the backwash (back-

wash flux of around 340 LMH for normal flux condition and around 195 LMH for lower flux 

condition) was not efficient for all the membranes and should be improved in the future ex-

periments.  
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1 Introduction 

1.1 Research context 

Water scarcity and pollution have become an increasingly important issue since last century 

due to the rapid population growth and industrialization process. During this period the global 

water demand increased by almost six times, forcing people to focus on the water resource 

protection and water treatment[1]. The reuse, recycling and recovery of waste water after 

treatment can partly relieve the tense water consumption and reduce the environmental pollu-

tion. Conventional water treatment technologies were gradually developed such as coagula-

tion/flocculation, filtration, chlorine disinfection and ion exchange[2, 3]. Membrane filtration, 

which can be categorized from materials in polymeric and ceramic membrane technologies, 

is considered an effective method due to its efficient separation capability, less environmental 

impact and lower energy demand[4]. Currently, polymeric membrane is still the dominate 

type for water and waste water industries because of its lower price and higher portability. 

However, its hydrophobicity and low chemical stability decrease its lifespan and limit its per-

formance. Ceramic membrane, in the contrary, has higher mechanical, chemical and thermal 

stability. Other advantages are that ceramic membranes usually show higher hydrophilicity, 

which means it can maintain higher flux at low pressure and suffer less from fouling problem. 

These features prolongs its lifetime, making it suitable for many industrial applications like 

food and beverage industries, which need frequent cleaning cycle during processing[5]. Ce-

ramic membranes are usually made up of metal oxides (Al2O3, TiO2, ZrO2) or carbides (SiC), 

and among them alumina (Al2O3) is the commonly applied one due to its low price and good 

performance[5]. Silicon carbide (SiC), despite its excellent performance on fouling resistance 

and better hydrophilicity than alumina, shows much less market share owing to its high prod-

uct prices, which results from its high sintering temperature of around 2000°C during the fab-

rication process. Additionally, SiC membranes usually have larger pore size than other mate-

rials and there is still no reported modification of the pore size of silicon carbide membrane 

until nanofiltration (NF) scale by solid particle sintering[6].To reduce the fabrication cost of 

SiC membrane with much smaller pore size, surface modification has been applied. Its idea is 

to coat a SiC layer, which has lower fouling potential, on top of the pristine Al2O3 membrane, 

which has higher fouling potential but a lower fabrication price. There are many surface mod-

ification methods like sol-gel, dip coating, chemical vapor deposition (CVD) and atomic 
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layer deposition (ALD). while the mainly used method for microporous membrane prepara-

tion is sol-gel[7-10]. However, this method is unsuitable for coating a SiC layer on Al2O3 

pristine membrane because the high sintering temperature of SiC (2000 °C) will melt the 

Al2O3 support (1000 °C). To fabricate a ‘perfect’ SiC layer under a lower temperature, while 

reducing its pore size possibly close to NF scale, low pressure chemical vapor deposition 

(LPCVD) has been applied to develop SiC-Al2O3 ultrafiltration membranes with appropriate 

deposition time[8, 11].  

The fouling problem and chemical resistance to the cleaning solutions are two main problems 

that determine the lifespan of a ceramic membrane. Considerable filtration experiments have 

been done on ultrafiltration and nanofiltration membranes with SA and NOM (natural organic 

matter, which can represent the surface water): Moyo et al. did fouling researches of SA, HA 

and BSA on TiO2-Al2O3 membrane and found out in the early stage of filtration process, the 

fouling on membrane surface was mainly controlled by interactions between membrane sur-

face and the foulant solution[12]; Angelis did SA, HA and BSA fouling experiments on 

Fe3O3 UF membrane and concluded that fouling was first controlled by membrane-foulant 

interactions as well, and membrane surface and solution pH influenced the irreversibility of 

the fouling layer[13]; Zhang et al. studied the effect of Ca2+ on the fouling of SA and sug-

gested that as the increase of Ca2+, intermolecular binding of Ca2+ by alginate rather than in-

tramolecular occurred first, which explained the unimodal pattern of the filtration resistance 

and the specific filtration resistance (SFR)[14]; van der Blink studied the influence of Ca2+ on 

the fouling of alginate and found out that with the increase of Ca2+, the fouling rate increase 

largely and the reversibility decreased to 3%[15]; Li et al. did fouling experiments with NOM 

on negatively charged polymeric membrane and found out that: the Ca2+ bridged between 

NOM and the membrane surface and caused heavy fouling, and the backwash with deminer-

alized water was more efficient because the bridging effect was reduced[16, 17]. Researches 

on the fouling of other types of foulant were also done on SiC membrane: Hofs et al. com-

pared the fouling of ceramic and polymeric MF membranes by lake water and found out that 

polymeric had less reversible fouling while SiC membrane had less irreversible fouling[18]; 

Arndt et al. compared the influences of operation mode, presence of Ca2+ and crossflow ve-

locity on SiC-Al2O3 and Al2O3 membrane treating sodium alginate (SA) solution, and con-

cluded that during the crossflow filtration, cake filtration dominant the mechanism, and Ca2+ 

concentration was found to greatly impacted the removal of fouling layer by shear force[19]; 

Chen et al. studied the fouling by oil-in-water emulsion on SiC-Al2O3 membrane fabricated 
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by LPCVD under 750 °C and found out that this new type of membrane had better antifoul-

ing ability than pristine alumina membrane[8], and this ability was favoured by increasing pH 

and decreasing Ca2+ concentration of foulant solution[11]. However, gap remains that for sili-

con carbide-alumina membrane fabricated by LPCVD under higher temperature (860 °C), the 

membrane feature  haven’t been studied yet. Therefore, fouling tests with different kinds of 

foulants and chemical stability tests on possibly used chemical cleaning solution should  be 

done on the newly fabricated ceramic membrane to evaluate its antifouling ability and the 

market value. 

1.2 Research objectives and questions  

The objectives of this study are to analyse the chemical stability, fouling features and the 

backwash efficiency of the SiC-Al2O3 ultrafiltration membrane fabricated using LPCVD 

method under different temperatures. The research questions are as follows: 

a) Will the SiC membrane coated under different temperatures remain stable in the 1% 

and 5% NaClO solution? 

b) What is the fouling of SiC coated membrane against sodium alginate compared with 

pristine alumina membrane? 

c) What is the backwash efficiency on SiC coated membrane compared with pristine alu-

mina membrane? 

d) What is the influence of the addition of Ca2+ on the fouling features and the backwash 

efficiency? 

e) What is the influence of flux change on the fouling and the backwash efficiency? 

And the research hypothesis is that the SiC coated membrane remains stable in a NaClO 

solution due to the excellent chemical stability of this material[20]. The SiC coated mem-

brane has better performance than the pristine during the fouling tests against a sodium 

alginate solution and surface water because of the electrostatic repulsion force between 

the SiC membrane surface and the foulant solution. For both membranes the fouling 

mechanisms are expected to be pore blocking and cake filtration like the finding by Chen 

et al., Arndt et al. and Moyo et al. [8, 12, 19]. The SiC coated membrane should have a 

better backwash efficiency compared with the pristine membrane due to the better anti-

fouling ability than the pristine membrane. After the addition of Ca2+, the advantage of 

the antifouling performance of the coated membrane alleviate due to the decrease of the 

repulsion force between SiC surface and the foulant solution[21]. Both the addition of 
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Ca2+ and the decrease of the flux are expected to increase the backwash efficiency be-

cause the irreversible fouling caused by the strong membrane-foulant interaction was re-

duced and the transport of the foulant to the membrane was reduced[15]. 

1.3 Research approaches 

To accomplish the objectives and study the research questions listed above, the research 

was divided into several parts: 

a) Theoretical background 

In this part, a brief introduction to the ceramic membranes, filtration process was 

given to clarify the principle of how the ultrafiltration membrane works to produce 

clean water. In addition,  information about membrane fouling, foulants and parame-

ters that could influence the fouling process was offered. Further, information was 

givenabout membrane cleaning, including the hydraulic cleaning and chemical clean-

ing methods used in this study. 

b) Materials and methods 

This part shows how the whole experiment was designed, including the introduction 

to how the membrane, foulant solution and cleaning solution were prepared. Infor-

mation about the analytical methods on solution and membrane characterization was 

provided as well. The mathematical models used for pore size estimation and fouling 

mechanism analysis were listed to how the fouling was quantified.  

c) Results analysis 

The results on solution characterization, including pH, size distribution and zeta po-

tential analysis were listed first. Then came the results of the chemical stability tests 

and fouling experiments of three types of membrane with four types of foulant solu-

tion. The fouling curves, backwash efficiency and fouling resistance were analysed 

and possible explanations were offered.  
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2 Theoretical background 

2.1 Ceramic membrane filtration 

Membrane for filtration is usually made up of polymeric material or ceramic material. The 

most applied and well-studied one is polymeric membrane, which is usually fabricated by hy-

drophobic polymers like polyamide (PA), polypropylene (PE), polyethersulfone (PES) and 

polyvilidenefluoride (PVDF). The history of the ceramic membrane dates back to almost a 

century ago, and the first commercial application of UF membrane for liquid separation was 

in 1980s[22]. Even though the capital cost of ceramic membrane is relatively high, this kind 

of membrane outstands others on the filtration under extreme conditions like large alkalinity 

and high temperature because of its advantages of great physical and chemical stability. 

Therefore, ceramic membrane filtration now plays an important role not only in food and 

beverage industry, but also pharmaceutical industry, petrochemical industry and chemical in-

dustry[22, 23]. As shown in Figure 1, different pore sizes of the membrane targets at different 

materials with increasingly smaller size.  

 

Figure 1 Membrane filtration spectrum[24] 
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2.1.1 Membrane structures and configurations 

To better understand the membrane filtration, it’s necessary to have an overview of the mem-

brane structure. Generally the ceramic membranes for water treatment contain three parts: a 

selective layer, an intermediate layer(s) and a support layer[5]. A selective layer is a thin 

layer which fulfils the separation job during the filtration process and identifies the filtration 

as microfiltration (MF), ultrafiltration (UF) or nanofiltration (NF); intermediate layers help 

prevent the high resistance resulted from the penetration of small particles through the coarse 

support layer; a support layer contributes to the mechanical strength and functions as the sup-

port for the whole membrane[25]. The configuration of ceramic membrane can be either cy-

lindrical (hollow or tabular) or flat depending on different application situations[26]. 

 

 Figure 2 Membrane structure illustration[27] 

 

 

Figure 3 Different types of membranes: Flat, (multichannel)tubular and hollowfiber mem-

branes from Taizhou Leo Environmental Protection & New Materials Co., China, Fraunho-

fer IKTS, Germany and Deltapore, Netherlands respectively 

The most common materials used for the fabrication of ceramic membrane for water treat-

ment are alumina (Al2O3), titania (TiO2), zirconia (ZrO2) and silicon carbide (SiC) [28]. Usu-

ally MF membranes with pore size larger than 100 nm are made of α-alumina, and zirconia 

and titania are used to made UF membranes with the pore size from 20 nm to 100 nm and 

with molecular weight cut off from 1 kDa to 5 kDa respectively[22].  
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2.1.2 Tubular membrane filtration process under cross-flow mode 

In this research, tubular membrane with single channel was used for filtration test. For this 

kind of membrane, the filtration process can be illustrated in the Figure 4  below. The feed 

solution is pumped into the channel of ceramic membrane with relatively high pressure to 

form transmembrane pressure (TMP), a pressure difference between the inlet and outlet part 

of the membrane. TMP acts as driving force to help the feed water penetrating through mem-

brane to produce clean permeate at the outside part and meanwhile the selective layer of the 

membrane decides on the size of particles can pass. Then the left water together with the con-

taminants at another end of the membrane becomes concentrate with less amount of water 

and higher concentration of contaminants. The concentrate will be cycled back to the feed 

water tank to form a circulation loop and this is called the cross-flow mode with recycled 

flow. 

 

 Figure 4 Tubular membrane filtration process illustration 

2.1.3 Membrane fabrication 

To fabricate a porous ceramic membrane with pore size larger than 1 µm, several steps are 

needed: preparation of ceramic powder paste, shaping and heat treatment (calcination and 

sintering)[29]. To have membrane pore size further narrow down, pore structure gradients are 

necessary among three layers in the membrane and methods like sol-gel, dip-coating, CVD 

and ALD are needed[30].  

Despite the outstanding mechanical, thermal and chemical features of SiC membrane, one 

main disadvantage of the SiC membrane is that its build-up cost is relatively high due to its 
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sintering temperature of approximately 2000 °C needed for the formation of the strong cova-

lent Si-C bonds [23, 31-34]. Challenges still exist on coating thin layers of SiC with pore size 

smaller than 100 nm by solid particle sintering, and this limits the SiC application in water 

treatment[6]. To avoid the high temperature during the sintering process when fabrication the 

SiC membrane, surface modification methods has been considered to coat SiC layer on the 

microporous supports by CVD/CVI or dip coating deposition[6, 32, 35].  

2.1.4 Surface modification: LPCVD 

Compared with dip coating, CVD method can produce denser structure on the support mem-

brane, resulting in lower permeability, which is suitable for gas separation[32]., By using 

CVD methods,  the pore size of fabricated membrane can be narrow down to smaller than 1 

nm[36]. A thick layer of SiC can be coated on α-alumina or SiC membrane support first un-

der 700-800 °C with one or two precursors and then 1000 °C  in Ar for calcination[32, 35]. 

The first reported preparation of nanoporous SiC membrane on γ-alumina tubular membrane 

for H2 selection was done by Ciora et al. using CVD, but still with high-temperature post 

treatment to improve the H2/H2O selectivity and H2 permeance[32]. With the realization of 

the experimental fabrication of unltrathin SiC membrane as substrate platform for cell culture 

by LPCVD[37],  new trails have been done on coating SiC on α-alumina membrane using 

LPCVD to fabricate UF membrane for water treatment with high water permeance by Chen 

et al for oil-water emulsion treatment[8]. In his fabrication process, dichlorosilane (SiH2Cl2) 

and acetylene (C2H2) diluted at 5% in hydrogen (H2) were used for precursor and the LPCVD 

system was shown in Figure 5[8]. In our research, this method was used to produce SiC-

Al2O3 UF membrane but under higher temperature of 860 °C. 
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 Figure 5 Schematic of the LPCVD system for SiC layer coating[8] 

2.1.5 The feature of the coating layer 

After the process of LPCVD, a new SiC layer can be coated on top of the Al2O3 pristine 

membrane to act as the selective layer with relatively good water permeance[8]. According to 

the literature, the zetapotential of SiC was around -40 mV to – 20 mV while for Al2O3 was 

around 10 mV to 40 mV when the pH of the solution was neutral[38, 39]. However, same 

types of Al2O3 membrane used as pristine in this experiment was tested to have a zetapoten-

tial of around -17 mV at pH of 6.7 by Chen et al.[11].Therefore, this negative zetapotential 

was used for analysis. The zetapotential difference between Al2O3 and SiC indicates that 

when the foulant solution shows negative zetapotential, there would be a stronger repulsion 

force between SiC layer and the foulant solution than that for Al2O3 membrane. Therefore, 

the antifouling ability of SiC coated membrane is expected to be better than the pristine 

Al2O3 membrane. Additionally, the SiC material itself has a good chemical stability and will 

only react with chlorine when temperature is above 900°C[20]. Consequently this membrane 

should be highly resistant to the NaClO cleaning under room temperature.  

2.2 Membrane fouling  

2.2.1 Fouling mechanism 

Membrane fouling is a process of foulant accumulation on top or in the pores of the mem-

brane. Fouling mechanisms were developed to mathematically describe the principle of foul-

ing.  According to Hermia (1982), there are altogether four types of fouling mechanisms (Fig-

ure 6): complete blocking, intermediate blocking, cake filtration and standard pore block-

ing[40]. Complete blocking means the particles only deposit on the unobstructed membrane 
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surface but are not allowed to deposit on top of each other; the intermediate blocking resem-

bles that the particles have possibility to deposit on top of each other on the base of complete 

blocking; cake filtration is that the particles form several cake layers on the membrane sur-

face and the water permeability decreases with the layer thickness increasing; the standard 

pore blocking means the particles deposit on the walls of the pores and gradually clog up the 

passage[40].  

 

Figure 6 Four fouling mechanisms developed by Hermia (1982)[40] 

The corresponding mathematical models are listed in 3.6. Since Hermia’s model was raised 

under the constant pressure dead-end filtration mode, adaptions should be made to fit in the 

constant flux mode in this study. 

2.2.2 Foulant sodium alginate 

This research intended to use sodium alginate as foulant. Alginates are polysaccharides (poly-

mers which contain chains of carbohydrates linked together via glycosidic bonds) which nat-

urally occur in, produced and refined from brown algae genera including Alaria, Ascophyl-

lum, Cystoseira, Ecklonia, Eisenia, Fucus, Laminaria, Lessonia, Macrocystis, Nereocystis 

and Sargassum, with Macrocystis pyrifera and Ascophyllum nodosum being the major re-

sources[41, 42]. For the brown algae, alginates mainly present in the cell wall and provide it 

with flexibility and mechanical strength in the water likewise cellulose functioning as the 

structuring component for terrestrial plants[43]. In the seaweed it usually exists in the form of 

metal salts like sodium and calcium alginate in the cell wall and intercellular regions. It can 

also be synthesized as exopolysaccharide by some bacteria like Azotobacter vinelandii or the 

mucoid strains of Pseudomonas aeruginosa to enhance the function and the structure of the 

biofilm[44]. Consequently it is considered as the determinants of its physicochemical proper-

ties[45]. 
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 Figure 7 The chemical structures of alginates, chain formation and blocks[46] 

 

Figure 8 The egg box model formatting by bind Ca2+[21] 

Alginates (Figure 7) are comprised of 1,4-β-D-mannuronic acid (M) and 1,4-α-L-guluronic 

acid (G) monomers, which form homopolymers (MM or GG) or heteropolymers (MG or 

GM) via o-glycosidic bonds[41, 47]. Since the pKa value of mannuronic acid and guluronic 

acid are low (3.38 and 3.65 respectively),  alginate under neutral pH becomes polyanionic 

[48, 49].The M/G ratio and their sequence vary between different species and even different 

parts of the same species, impacting the physical and chemical properties of the alginates: 

more G-blocks (polyguluronic blocks) increase the rigidity and density of the gel while M-

blocks (polymannuronic blocks) increase its flexibility and porosity[50-52]. Among these 
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two homopolymers, the G-blocks were found to have a high affinity for Ca2+ so it bounds this 

divalent ion between two chains, which align the G-blocks and form an ‘egg-box’ model 

(Figure 8) [53, 54].  

The gelation process can be categorised into two types: external gelation and the internal ge-

lation[55, 56]. In the external gelation procedure, the gelling ions (e.g. Ca2+) are available di-

rectly to the carboxylic groups of guluronic acid in the alginate, through which the hydrogel 

is formed irreversibly due to ion diffusion[55]. As for the internal gelation, the gelling ions 

originates from an insoluble sources and are available to the alginate after dissolution process 

which lowers the pH[56]. The released H+ replaces some of the crosslinked Ca2+ and lead to 

more porous and homogeneous gel matrices[57, 58]. 

Sodium alginate, the most common alginate salt which is soluble in water, has been widely 

applied in many industries such as food, beverage, fertilisers, textile, printing and pharmaceu-

ticals due to its property of swelling, thickening and increasing viscosity[41, 42, 46]. It is of-

ten considered as the model foulant for extracellular polymeric substances (EPS),which is 

produced by microorganisms and are mainly made up of polysaccharides, nucleic acids and 

proteins[59]. Since EPS is one of the main causes of membrane fouling in micro and ultrafil-

tration of surface water and waste water, sodium alginate is frequently used for filtration and 

fouling characteristics test[19, 60]. 

2.3 Membrane characterization 

2.3.1 Water permeability 

To quantify the ability of a membrane to filtrate the feed solution, water permeability Pw 

[LMH/bar] was commonly used. It can be calculated as the litres of water this membrane can 

filtrate on 1 m2 of filtrating area within an hour under 1 bar of transmembrane pressure 

(TMP). The equation is shown below: 

 𝑃𝑤 =
𝐽

𝑇𝑀𝑃
=

𝑄𝑝

𝐴×𝑇𝑀𝑃
   Equation 1 

J stands for the water flux and it can be calculated from the permeate flow Qp [mL/min] and 

membrane filtration area A [m2]. TMP [bar] standards for the transmembrane pressure and it 

means the pressure difference between the membrane filtrating side and the permeate side. It 

can be calculated from the pressure of the feed solution side Pf [bar], the pressure of the con-

centrate side Pc [bar] and the pressure of the permeated side Pp [bar]. The equation is shown 

below: 
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 𝑇𝑀𝑃 = (
𝑃𝑓+𝑃𝑐

2
) − 𝑃𝑝 Equation 2 

Since the permeate side is usually connected to the air pressure, the Pp part can be omitted 

when pressure gauge showing the pressure difference between flow and atmosphere is used. 

2.3.2 Critical flux 

When operating a ceramic membrane system, flux decline happens due to the fouling of the 

membrane. An important approach to reduce the flux decline is to operate the filtration sys-

tem below the critical flux. Critical flux is defined as a flux above which the membrane fouls  

heavily and below which only negligible fouling occurs on the membrane. Two types of criti-

cal flux: strong form and weak form, were described by Wu et al.[61]. A strong form of criti-

cal flux exists at the limit of flux when the suspension flux and clean water flux are equal un-

der a given TMP. This critical flux can be recognized when the TMP starts to deviate from 

the linear relationship with flux[62]. For a weak form of critical flux, it exits when the TMP 

and flux are in linear relationship but its slope is lower than the slope of TMP to flux when 

filtering clean water[63]. For filtration under constant flux mode, the critical flux is recog-

nized by researches as the change of pattern of TMP to time curve[11, 64, 65]. 

2.3.3 Zeta potential and isoelectric point 

When exposed to a certain liquid, the membrane material naturally shows surface charges and 

it influences the distribution of ions provided by this liquid in the interfacial area. This phe-

nomenon is explained by electric double layer (EDL) structure. As shown in Figure 9, if the 

material shows negative charges in the solution, the cations will be strongly attracted to the 

region surrounding the material surface and form a stable layer called stern layer. The anions, 

which carry negative charges, will be repelled from the surface and can only gather loosely at 

longer distance than the stern layer. This layer is less firmly bounded to the material surface 

by electric force and it forms the second layer called diffusion layer. The outer boundary of 

this layer is slipping plane and it entitizes the ions and the material particle beneath. When 

the material particle moves due to gravity, the ions inside the slipping plane will move with it 

thus separating the attached fluid from the mobile fluid. The electric potential measured on 

this plane is zeta potential (ζ) and it shows the potential difference of the surrounding me-

dium and the stationary fluid layer associated to this particle. 
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Figure 9 The EDL illustration of negatively charged surface 

 

Isoelectric point (IEP) is another value that quantify the surface charge of the material in the 

scale of pH value. When placed in the water of different pH, the surface attracts H+ or OH- to 

balance the charge.  Under a certain pH these is no net charge observed on the material sur-

face, this pH value is defined as IEP , which can be obtained from electrokinetic measure-

ments. For ceramic materials, their isoelectric point (IEP) can be important as it shows the pH 

at which there are no net electrical charges on the material-water surface: if the solution pH is 

higher than the isoelectric point, the surface charge of the membrane will be negative due to 

the loss of protons to the solutions; if the solution pH is below the IEP then the membrane 

will be positive. Alumina membranes are the most commonly applied ones compared to other 

membranes due to its lower price and relatively good performance[5]. It usually has an isoe-

lectric point from 7 to 10[66]. Silicon carbide has the lowest isoelectric point (2.5-3.5) among 

these materials, indicating the highest negative charge at neutral pH. Together with larger hy-

drophilicity and stronger chemical resistance in harsh and aggressive environments, SiC 

shows excellent fouling resistance than other materials[18, 23].  

2.3.4 Molecule weight cut off  

The molecule weight cut off (MWCO) of a ceramic membrane is a parameter that describes 

the quality of membrane to reject foulant particles. It shows the value of lowest molecular 

weight of solute that 90% of which is rejected by the membrane.   
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2.3.5 Surface roughness 

Surface morphology plays a key role in fouling performance of the membrane. From the mi-

croscopic view, fouling forms due to the interactions between foulant molecules and the une-

ven membrane surface. These molecular interactions contribute to the foulant adhesion and 

the foulant layer formation, which are two main causes of the irreversible fouling[67, 68]. 

Researches have been done on the influence of surface roughness on foulant sodium alginate: 

Hashiona et al. (2011) showed that rougher membrane made of cellulose acetate butyrate pol-

ymer has better antifouling ability against sodium alginate[69]. According to Hashiona et al. 

(2011), sodium alginate foulants tend to accumulate in the valley part of the membrane sur-

face, which ensure rougher membrane of better antifouling ability [70]. Li et al. (2019) theo-

retically proved that rough membrane is less likely to adhere the sodium alginate than smooth 

membrane due to the higher bending energy[71]. 

2.4 Membrane cleaning 

The cleaning of membrane helps to recover its water permeability after fouling to prolong its 

working time and ensure its working efficiency. Usually there are two types of cleaning 

methods: physical cleaning and chemical cleaning. The most common physical cleaning 

methods is backwash. By using the permeate or demineralized water, the reversible fouling 

on the membrane will be flushed out by flux under higher pressure. 

2.4.1 Backwash 

Backwash is one type of hydraulic cleaning methods that reverses the flow to loosen or re-

move the cake layer and the foulant particles in the pores from the membranes[72]. Back-

wash can be manipulated by changing the operational pressure and the type of backwash so-

lution used. The pressure used decides the backwash flux, and the commonly used flushing 

flux is 2-3 times of the working flux during filtration[18, 72]. The composition of the back-

wash solution is vital for an efficient cleaning. Considerable studies shown that demiwater 

has better effect than the permeate due to its capacity to take ions from the foulant layer[73]. 

For the backwash efficiency of SA-fouled membrane, the divalent cations in the backwash 

solution had negative influence on the cleaning efficiency while the NaCl solution greatly in-

crease the efficiency[74]. For the backwash of NOM fouled membrane, demineralized water 
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was more effective as it alleviated the bridging effect between Ca2+ and NOM even though 

the influence was limited[16, 17]. 

The backwash efficiency is also influenced by the duration and the frequency of the back-

wash[75]. If the interval of backwash is too long, then the fouling layer will be compacted on 

the membrane, which becomes hard to remove[76, 77]. The duration of the backwash influ-

ences the backwash by that: if the duration is too short, then the foulant cake can only be ex-

panded rather than washed out, and the expanded cake layer will be compressed back in the 

next filtration cycle; if the duration is too long, it will be a waste of backwash solution and 

the energy with little increase on the backwash efficiency[78, 79]. 

2.4.2 Chlorine cleaning 

 

Figure 10 The oxidation process of alginates by NaClO[80] 

Chlorine is an intensive chemical used for membrane cleaning and disinfection. It removes 

the fouling of alginates by the principle of oxidation (Figure 10). The chlorine will cleave the 

C-C bond which helps keeping the ring structure and finally oxidize the alginates into acids 

with smaller chains which can dissolve into the solution. NaClO solution. NaClO solution 

was introduced in the backwash water in many cases to reduce the fouling on the mem-

brane[81, 82]. It shows good water permeability recovery for model foulants of polysaccha-

rides and protein, while it is less effective for removing the fouling of humic substances[83]. 

The chlorine has better performance at lower pH around 7[84].  
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3 Materials and Methods 

3.1 Membrane preparation 

In total three different types of single tubular ceramic membranes were prepared for fouling 

tests and chemical stability tests: pristine membranes (P), lower temperature coated mem-

brane (750  oC, L) and higher temperature coated membrane (860  oC, H). The pristine mem-

branes were porous alumina tube (100nm) purchased from the company Coorstek. The last 

two types of membranes were surficially modified from the pristine membranes using the 

LPCVD method: one type was coated under 750 °C for 60 minutes and the other under 

860 °C for 30 minutes. The corresponding measured thickness of the coating layer growing 

on wafers were 15.07 nm and 14 nm. 

The overall information of these membranes are gathered in Table 1. 

Table 1 The information of three types of membrane used for study 

Membrane abbreviation P L H 

Length [mm] 100 100 100 

Inner diameter [mm] 6.98 - - 

Outer diameter [mm] 10.15 - - 

Pore size [nm] 711 552 403 

Coating condition - 750 °C for 60 minutes 860 °C for 30 minutes 

Colour White Grey Golden brown 

 

Before coating, the water permeabilities of the pristine membranes were tested without seal-

ing just for quality checking. After that, the pristine membranes were cleaned under 650 °C 

for 3h (Nabertherm air circulation furnace N30/65HA) to clear the carbon powder left by the 

O-rings, which would influence the coating performance during LPCVD. After coating, three 

types of membranes were sealed with LOCTITE® EA 9492 first at both ends of the mem-

brane for 1 cm each and then soaked in the ultrapure water overnight to saturate them with 

                                                 
1 Data from [59], where the same type of pristine membrane was tested 
2 Data from [59], where the same type of coated membrane was tested 
3 Estimated from Carmen Kozeny model in 4.3 
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water. Then the formal water permeabilities were tested under constant flux for 10 minutes to  

obtain an average value. 

3.2 Overview of the experiments  

In the research, fouling tests and chemical stability tests were done on three types of mem-

branes. Four types of foulant solution were used: 31 mg/L SA solution, 31 mg/L SA solution 

with 0.5 mmol/L Ca2+, 31 mg/L SA solution with 2 mmol/L of Ca2+ and surface water. The 

chemical stability test was done using 1% NaClO and 5% NaClO solution. More detailed in-

formation on experiments was listed in Table 2. When a ‘lower flux’ was mentioned for the 

fouling tests, the operational flux was 65 LMH, otherwise a normal operational flux of 170 

LMH was applied. 

Table 2 The overall experiments on three types of membrane 

 Membrane P  Membrane L  Membrane H  

Description pristine Al2O3 mem-

brane 

SiC coated under 

750 °C for 60 min 

SiC coated under 

860 °C for 30 min 

Chemical stability 

test 

- 1% NaClO 100h 

5% NaClO 100 h 

1% NaClO 100h 

5% NaClO 100 h 

Fouling experi-

ments 

31 mg/L SA solution 31 mg/L SA solution 31 mg/L SA solution 

 31 mg/L SA + 0.5 

mmol/L Ca solution 

31 mg/L SA + 0.5 

mmol/L Ca solution 

31 mg/L SA + 0.5 

mmol/L Ca solution 

 31 mg/L SA + 2 

mmol/L Ca solution 

31 mg/L SA + 2 

mmol/L Ca solution 

31 mg/L SA + 2 

mmol/L Ca solution 

 31 mg/L SA + 2 

mmol/L Ca solution 

(lower flux) 

- 31 mg/L SA + 2 

mmol/L Ca solution 

(lower flux) 

 Surface water  - Surface water 

 Surface water  

(lower flux) 

- Surface water  

(lower flux) 
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3.3 Foulant solution preparation and characterization 

Model solutions and surface water were used for filtration tests. The concentration of the SA 

solution needed (later turned out to be 31 mg/L) was determined by trial and error to fit the 

first round of fouling time around 2 hours for the pristine membrane. Then 0.5 mmol/L of 

Ca2+ and 2 mmol/L of Ca2+ was dosed into this concentration of  SA solution to simulate the 

water with different concentrations of Ca2+. 

For the sodium alginate (SA) solution, 31 mg/L SA solution without Ca2+, 31 mg/L SA solu-

tion with 0.5 mmol/L Ca2+ and 31 mg/L SA solution with 2 mmol/L of Ca2+ were prepared. 

The stock solution with a concentration of 1 g/L was firstly prepared by mixing SA powder 

(SIGMA-ALODRICH) and demineralized water. Then different concentrations of SA solu-

tions were made by diluting the stock solution and mixing using a magnetic stirrer overnight. 

For the SA solution with Ca2+, first certain amount of SA stock solution was pipetted into the 

container before solution was diluted to 3 L; then certain amount of calcium chloride powder 

(SIGMA-ALODRICH) was added into the solution before mixing. Surface water from the 

Schiewater canal was pre-treated using the 5 micron cartridge filter before fouling test. 

The zetapotential and particle size distribution (PSD) of all types of foulant solution used for 

filtration was tested using Zetasizer Nano ZS (Malvern Panalytical) provided by IHE Delft 

Institute for Water Education. The pH and conductivity of the solution was measured by 

WTW inoLab_IDS Multi 9420. 

3.4 Sodium hypochlorite solution preparation 

The sodium hypochlorite solution used for chemical stability test was diluted from 12.5% 

NaClO solution (Brenntag). For 1% of NaClO solution, 40 mL of 12.5% of NaClO solution 

was transferred into the 0.5 L of Duran® laboratory bottles and for 5% of NaClO solution, 

200 mL of that solution was used and then diluted into 0.5 L. The 1 % and 5 % of NaClO so-

lution was used for chemical stability test and the 1 % of  NaClO solution was used for the 

chemical cleaning of tested membrane. 

3.5 Membrane characterization by Carman-Kozeny Model 

The average pore sizes of the coated membranes were estimated by Carman-Kozeny equa-

tion. This equation was first used to describe the pressure drop of laminar flow along a 
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packed bed of solids. To describe the pressure drop along the ceramic membranes, the mem-

brane can be considered as a packed bed of near-spherical particles as illustrated by [85]. The  

Hagen-Poiseuille law was used for the adaption of this equation as it governs the flow veloc-

ity for ultrafiltration and microfiltration membrane with ideally cylindrical pore due to their 

small pore sizes[86]. Since in the real situation the porous membrane may not be ideally cy-

lindrical or straight, further modifications were made on the Carman-Kozeny and the bulk 

permeability can be calculated by equation below[87]: 

 𝑃𝑤 =
𝐽

𝑇𝑀𝑃
=

𝜀3

2(1−𝜀)2𝑎𝑣
2𝜇𝜏𝑙

 Equation 3 

Where J [m3/(m2∙s)] stands for the permeate flux through membrane; TMP [Pa] is the trans-

membrane pressure; ε [-] is the porosity of membrane; av [1/m] is the specific surface area; µ 

[Pa∙s] is the viscosity of the fluid; τ [-] is the tortuosity factor and l [m] is the layer thickness. 

In this study, several assumptions were made to estimate the pore size of the membrane from 

the water permeability. 

a) Since the temperature of water used for permeability test was around 20 °C under the 

atmospheric pressure of 1 bar, the dynamic viscosity µ used was 0.001 Pa∙s. 

b) The specific surface area can be calculated from porosity and hydraulic diameter of 

the membrane 

 𝑎𝑣 =
4𝜀

𝐷(1−𝜀)
 Equation 4 

 

c)  The tortuosity was estimated from porosity as suggested by Pisani (2011) for most 

porous materials[88]. The tortuosity applied in this case was latter calculated to be 

1.84. 

 𝜏 = 𝜀−0.5 Equation 5 

 

d) Since the selective layer is responsible for most of the TMP, the lay thickness l was 

assumed to be the thickness of the selective layer so that an overall porosity can be 

back calculated. The influence of the coating layer on the porosity was neglected be-

cause the thickness increase was 15.07 nm while the selective layer was around 26.7 

um. Then the back calculated porosity was fixed when estimating the pore size from 

the permeability of the coated membrane. 



 
21 

Error! Use the Home tab to apply 标题 1 to the text that you want to appear here. 

3.6 Fouling mechanism 

Fouling mechanism model mathematically describes four types of fouling as mentioned in 

2.2.1. Consequently, it is important to recognize the mechanism for better fouling understand-

ing, especially the cake filtration which represents a slow and stable fouling. 

Since the fouling mechanism model developed by Hermia (1982) is meant for dead-end fil-

tration under constant pressure, adaptions are made by Kirschner et al. (2019) on the original 

mathematical model to fit the constant flux crossflow mode. The equations are listed in Table 

3. 

Table 3 The relationships between ΔP and filtration time under constant flux mode 

Fouling type Corresponding equation 

Complete blocking 𝛥𝑃𝑡 =
𝛥𝑃0

(1 −
𝜎𝐽
𝐵 (1 − exp(−𝐵𝑡))

 

Intermediate blocking 
𝛥𝑃𝑡 =

𝛥𝑃0

(
1
𝐾𝑖

+ (1 −
1
𝐾𝑖

) exp(−𝐾𝑖𝐵𝑡))
 

Cake filtration 
 

𝛥𝑃𝑡 = 𝛥𝑃0(1 + 𝐾𝐶𝐵𝑡) 

Standard pore blocking 𝛥𝑃𝑡 =
𝛥𝑃0

(1 − 𝐾𝑆𝑎0𝐽𝑡)2
 

 

In this table, ΔPt and ΔP0 means the TMP at time t and initial transmembrane pressure. J 

[m/s] is the permeate flux applied during filtration process. σ [m-1] standards for the blocked 

membrane surface area after filtrating 1 m3 of permeate. B [s-1] is a constant called the parti-

cle resuspension rate, which represents the frequency of the removal of the foulant from the 

membrane surface by the shear force in the cross flow mode. Ki [-], Kc [m-1] and Ks [m-3] are 

intermediate blocking constant, cake filtration constant and standard pore blocking constant. 

3.7 Experimental setup and experimental process 

The design of membrane filtration setup under constant flux mode was shown in Figure 11. 

This setup only contained one pump (Liquiflo Model H7N Heavy Duty Industrial Gear 

Pump) and a pump drive (Optidrive E3 with part number of ODE-3-140022-3F1B) to extract 
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the feed solution. Therefore, the constant flux mode was guaranteed by a valve which was 

controlled by the software. As the fouling happened on the membrane surface, less flux was 

allowed to pass the membrane and the permeate flow rate decreased. The software detected it 

via a flowmeter and then automatically closed the valve to increase the pressure on top of the 

membrane so that more solution would pass through the membrane. Aside from this, another 

two pressure transducers were connected to the computer as well for the detection of TMP. 

To fulfil the backwash job, backwash vessel was used and the pressure was provided by the 

pressed air system in the lab.  

The setup used in the water lab was shown in Figure 12. 

 

 

Figure 11 Schematic view of the experimental setup 
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Figure 12 The picture of experimental setup  

In this research, fouling tests were done on both coated and pristine ceramic membranes us-

ing SA model solution and surface water. 31 mg/L of SA solution was used in the filtration 

cycles under constant flux of around 170 L/(m2∙h), which is a common filtration flux for in-

dustry application of ultrafiltration membrane, and around 65 L/(m2∙h), which is lower but 

more friendly flux for nanofiltration membrane. The whole experiment consists of four dif-

ferent processes: 1) water permeability test with demi water, 2) fouling test with SA solution, 

3) backwash with demi water and 4) chemical cleaning with NaClO solution. The water per-

meability of the membrane was tested first, followed by several cycles of fouling test, which 

lasted for 1 – 2 hours, and the backwash process, which lasts for 5 minutes. When the back-

wash efficiency was high enough for the membrane, another two cycles of fouling tests 

would be done. Finally the membrane was chemically cleaned with NaClO solution by soak-

ing method. During the filtration cycles or chemical cleaning process, the feed solution in the 

10 L jar tank was pumped into the membrane under a constant flux mode and the valve be-

fore the concentrate beaker was closed. When the valve was almost fully closed, one cycle of 

fouling experiment ended. The backwash system was linked to a compressed air vessel, 

which provided air pressure to press the demi water from the vessel through the permeate 
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side into the membrane. The backwash was done at the end of every cycle and the NaClO 

cleaning was done after one or three cycles of experiments to fully recovery its water permea-

bility. 

3.8 Backwash and fouling resistance 

The backwash pressure was determined by the TMP at the end of the fouling cycle. Since the  

advised backwash flux is 2 to 3 times of the operational flux, the applied backwash pressure 

should be 2 to 3 times of the TMP when the fouling experiment was finished as derived in the 

equation below[18].  

 𝐵𝑊𝑃 =
𝐽𝐵𝑊

𝑃𝑒
=

𝑎∗𝐽

𝑃𝑒
= 𝑎 ∗ 𝑇𝑀𝑃𝑒 Equation 6 

Where BWP [bar] stands for backwash pressure; JBW [LMH] means the backwash flux; a is 

the factor for the backwash flux, which has a value range from 2 – 3; Pe and TMPe are the 

water permeability and transmembrane pressure at the end of the fouling cycle. The applied 

backwash flux in this research was 2 times of the operational flux for normal flux filtration 

tests and 3 times of the operational flux for lower flux filtration tests, so factor a was 2 or 3. 

 

The recovery and efficiency η of backwash were calculated form the equation below: 

 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝑃𝑟

𝑃𝑜
 Equation 7 

 𝜂 =
𝑃𝑟−𝑃𝑒

𝑃𝑜−𝑃𝑒
 Equation 8 

Where Po [LMH/bar] stands for original water permeability, Pr [LMH/bar] means recovered 

water permeability and Pe [LMH/bar] for the water permeability at the end of current cycle. 

Total fouling resistance Rt [m
-1] can be defined by the equation below[8, 89-91]: 

 𝑅𝑡 =
𝑇𝑀𝑃

µ∗𝐽
= 𝑅𝑚 + 𝑅𝑟 + 𝑅𝑖𝑟 Equation 9 

The Rm [m-1] represents the intrinsic membrane resistance, which can be calculated from the 

TMP when only demi water is filtered. Rr [m
-1] is the reversible fouling resistance and this 

can be calculated from the TMP decrease due to the backwash. Rir [m
-1] means the irreversi-

ble fouling resistance and it shows the fouling that cannot be removed by the backwash. This 

can be calculated by subtracting Rm and Rr from Rt. 
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4 Results and discussion 

4.1 Characterization of solution  

4.1.1 pH and conductivity measurement 

As shown in Table 4, the used demineralized water to make all kinds of solution had a pH 

value around 5.8. Two different concentrations of NaClO solution used for chemical stability 

test had a high pH of over 12. 

Table 4 pH and conductivity value of the solution used for experiments 

Solution types pH Conductivity [uS/cm] 

Demi water 5.968±0.067 0.8±0 

1% NaClO solution 12.115±0.01 34.1±0 ∙ 103 

5% NaClO solution 12.454±0.003 131±0 ∙ 103 

31 mg/L of SA soltuion 6.732±0.051 10.1±0 

31 mg/L of SA solution with 0.5 mM Ca2+ 6.414±0.022 118.3±0 

31 mg/L of SA solution with 2 mM Ca2+ 6.398±0.028 446.7±0.5 

Surface water after 5 microns cartridge filtration 7.270±0.021 980.7±2.4 

 

As elucidated in the equations below, NaClO first forms Na+ and ClO-. The ClO- tends to 

combine the H+ and produce HClO (hypochlorous acid), leaving less H+ and more OH- in the 

solution. This results in the high pH in the NaClO solution. With higher concentrations of 

NaClO, more protons are combined so the pH value is higher as well.  

𝑁𝑎𝐶𝑙𝑂 ↔ 𝑁𝑎+ + 𝐶𝑙𝑂− 

𝐶𝑙𝑂− + 𝐻2𝑂 ↔ 𝐻𝐶𝑙𝑂 + 𝑂𝐻− 

For the foulant solution used in the fouling experiments, the addition of sodium alginate into 

the demi water increased the pH from 5.9 to 6.7 since the alginate anions tend to combines 

the H+ as well, leading to an increase in pH value. The dosing of CaCl2 into the solution re-

duces the solution pH because the Ca2+ has higher affinity to alginate anions and this results 

in the release of protons.  
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4.1.2 Size distribution of foulant solution 

The particle size distribution of the foulant solution was measured by the Zetasizer Nano ZS 

(Malvern Panalytical) using dynamic light scattering (DLS). The concentration of foulant so-

lution for fouling test (based on 31 mg/L SA) was too low to get valid results from the ma-

chine. Therefore, the concentration of tested SA solution was tenfold the original one to 

maintain good PDS quality. The results of the PSD by intensity of 300 mg/L SA solution 

with the addition of 0.5 and 2 mmol/L of Ca2+ are shown in Figure 13, Figure 14 and Figure 

15. As can be obviously observed, there are two peaks occurring for each type of foulant so-

lution and the dominant peak has larger average particle size. With the addition of the Ca2+, 

both peaks shift leftwards, which meant their average sizes became smaller. The dominant 

peak reduced from 336 nm to 238 nm and finally 171 nm. This phenomena was also observed 

in other literatures and explanation provided is that: the added Ca2+ balances the negative 

charges along the SA chains and crosslinks the SA molecules, forming compacted cross-link-

ing clusters[92]; Ca2+ has larger chargers compared with Na+, which induced less intermolec-

ular repulsion, decreased swelling of the polymers and the sizes[93]. 

 

Figure 13 size distribution of 300 mg/L sodium alginate solution 
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Figure 14 size distribution of 300 mg/L sodium alginate solution with 0.5 mmol/L of Ca2+ 

  

Figure 15 size distribution of 300 mg/L sodium alginate solution with 2 mmol/L of Ca2+ 

4.1.3 Zetapotential of foulant solution 

The zetapotential of foulant solution was also measured by Zetasizer Nano ZS (Malvern Pan-

alytical). As can be seen from Figure 16, the 31 mg/L SA solution has the lowest value (-32.6 

mV), which means it shows the strongest polyanionic character. The SA solution with 0.5 (-

21.3 mV) and 2 mmol/L (-21.1 mV) of Ca has much smaller negative value, but the value dif-

ference between solution with 0.5 and 2 mmol/L of Ca2+ is very small. This indicates that the 

addition of Ca2+ has strong effect on reducing the negative charge at first due to the crosslink 

of Ca2+ to the negative site of alginates to form an ‘egg box’ as mentioned in 2.2.2. When the 

pH was near neutral, deprotonated carboxylic groups in the sodium alginates brought high 

negative charges, and this charges were neutralized by the addition of Ca2+, which preferen-

tially binded the carboxylic groups in good order[21]. But after a certain amount, the addition 

of Ca2+ has gradually less influence on the charge of the solution. This was probably due to 
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the limited carboxylic groups for binding. The surface water has the lowest negative zetapo-

tential (-13.6 mV) among four types of solution. This is mainly due to the presence of other 

natural organic matters like humic acids and fulvic acids. 

 

 

Figure 16 Zetapotential of four different types of foulant solution 
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4.2 Chemical stability test 

 

Figure 17 Water permeability change after NaClO soaking  
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increase of the water permeability. Therefore, no further fouling experiments under lower 

flux were done on membrane L. 

For membrane H, the permeability only shows negative change within 5.4%, which is within 

the accuracy of the permeability measurement during the filtration test. The colour of mem-

brane H and the solution surrounding it showed almost no changes: no apparent colour fading 

was observed on the brown membrane H, and the NaClO solution remained transparent for 

1 % and a bit bright yellow for 5 % solution. The results of permeability change reveal an ex-

cellent chemical stability in relatively high concentration of NaClO solution for membrane H 

while an apparent corrosion in even lower concentrations of NaClO solution for membrane L. 

It means the membrane coated under 860 °C is more stable in NaClO solution than mem-

brane coated under 750 °C.  

SiC is a kind of ceramic material which has high resistance to oxidation. When fabricated 

with temperature below 850°C, amorphous SiC films would be synthesized[94]. Therefore, 

the SiC on membrane L and membrane H were both amorphous SiC. Due to the coating un-

der relative high temperature, a thin SiO2 layer was found to present on top of the SiC 

layer[95]. A literature showed that the solubility of SiO2 increased dramatically when the pH 

of the solution exceeded 9[96]. However, this still cannot explain the dissolution of the SiC 

layer on membrane L to the NaClO solution. With the increase of fabrication temperature, 

less distortion of Si-C bonds was observed, which means the amorphous SiC becomes more 

stable[97]. However, no study was found to show the influence of bond distortion on its oxi-

dation resistance. Therefore, the question why membrane coated under different temperatures 

showed different stability in NaClO solution remained unsolved in this research as it was be-

yond the scope of this thesis. 

4.3 Carmen-Kozeny model estimation 

After the substitution of the parameters in the assumptions, the Carmen-Kozeny equation was 

written as: 

 𝑃𝑤 =
𝐽

𝑇𝑀𝑃
=

𝜀1.5𝐷2

32𝜇𝑙
 Equation 10 

As can be seen, the water permeability  Pw is exponentially related to the pore size and poros-

ity. First by substituting the permeability of the pristine membrane Pw (346 LMH/bar or 

9.49∙10-10 m/(Pa∙s)), its selective layer thickness l (2.67∙10-5
 m, which was measured from 
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SEM image of membrane L after 200 h of soaking in NaClO solution as shown in Figure 27), 

viscosity µ (0.001 Pa∙s) and pore size D (7.1∙10-8
 m) , the membrane porosity ε was calculated 

to be 0.29.  

According to the assumption, the overall porosity didn’t change after coating. Therefore, by 

applying the measured permeability of membrane L and membrane H (233.5 LMH/bar and 

111 LMH/bar or 6.4∙10-10 m/(Pa∙s) and 3.04∙10-10 m/(Pa∙s)), the estimated pore size of mem-

brane L and membrane H were 58 nm and 40 nm. In Chen et al.’s paper, the pore size of 

same type of membrane as membrane L was measured to be 55 nm by capillary flow porome-

try, which was quite close to the estimated value in this research [8]. Therefore, the estimated 

pore size of membrane H was trustworthy. 

4.4 Fouling experiments 

4.4.1 Influence of calcium under normal flux for artificial solution 

As can be seen from Figure 18, when the filtration was done using 31 mg/L SA solution, 

membrane H showed a good antifouling character, with much slower decrease of permeabil-

ity and increase in pressure than membrane P and membrane L. The fouling time for mem-

brane H of the first cycle lasted longer than 10 hours, which is more than four times longer 

than the first cycle of membrane L and P. The fouling mechanism can be easily recognized to 

be cake filtration as the main part of the pressure curve shows a linear increase. This is proba-

bly due to the sufficient electrostatic force between foulant solution and membrane material. 

Both the foulant solution and selective layer of membrane H are negatively charged. The 

electrostatic force between them is determined by the charge value according to Coulomb's 

Law. Membrane H had the largest negative charge among all three types of membranes. The 

performance during the first cycle of membrane L was better than the membrane P; but for 

the second and third cycle, the membrane L fouled quicker than membrane P.  

At the beginning of each curve, a quick decrease of water permeability can be observed. For 

membrane H, L and P the extents were around 10%, 20% and 25% respectively. Similar phe-

nomena was reported for SA filtration with Except from the fluctuation of pressure caused by 

switching the feed solution from demi water to foulant solution, another reason for this can be 

the different electrostatic forces between the membrane surface and the foulant solution. 

Membrane H was coated under higher temperature the largest negative charge, followed by 

membrane L and membrane P. When the repulsion force is strong enough, it takes less time 

to form the cake filtration mode. However, for membrane P the zetapotential at pH around 
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6.7 is smaller than membrane L (-15 mV for membrane P and -27 mV for membrane L ac-

cording to [11]), resulting in larger extent of decrease during stabilization period.  

Another phenomenon observed on this curve is that there exists an sharper decrease of per-

meability at the end of each cycle. This can be explained by the decrease of cross-flow veloc-

ity. Since in this experiment, the constant flux mode was maintained by only one pump and a 

valve.. When fouling happened on the membrane, higher TMP was required to produce per-

meate under constant flux. By closing the valve on the recirculating tube, TMP was increase, 

while the cross-flow velocity was decreased and finally approach 0 (valve completely closed 

to achieve higher TMP). A lower cross-flow velocity led to the loss of shear force, a force 

that contributed largely to the removal of SA layer from the membrane surface[19]. When 

less foulant was removed, a sharp decrease of permeability and increase of pressure hap-

pened. This phenomenon should be avoided during the practical operation because it makes 

the filtration process less effective with a large amount of fouling formed within a very short 

time. 

When another 0.5 mmol/L of Ca2+ was added into solution, all types of membrane showed a 

rapid fouling within 20 minutes and no linear increase of pressure, which corresponds to cake 

filtration mode according to the fouling model mentioned before, was observed. At the pH of 

around 6.4, membrane P and membrane L should has the zetapotential around -10 mV and -

25mV [11]. Since the zetapotential of foulant solution increased from -32.6 mV to -21.3 mV 

after the addition of Ca2+, the electrostatic interaction between selective layer and foulant so-

lution was weakened. What’s more, the combination of Ca2+ and SA was proved to enhance 

the SA interactions between each other and this can lead to the subsequently deposition of SA 

foulant[12]. Another explanation for the quick fouling can be attributed to the quicker for-

mation of gel layer after the addition of Ca2+[14]. The solution in gel layer had lower chemi-

cal potential compared with the area above the gel layer and below the gel layer. Therefore, a 

potential gap needed to be fulfilled by offering extra pressure[98], causing heavier fouling.  

Even though the membrane H still had  stronger repulsion force than membrane P, its fouling 

performance was the worst. This can be explained by that: the operational flux exceeded the 

critical flux for membrane H since the pressure increased in an exponential trend, just like the 

TMP curve operated under super-critical flux condition in Miller et al.’s research[65]. Even 

though membrane L and membrane H should have similar repulsion force against foulants, 

smaller pore size of membrane H than other membranes could increase the local flux to 

above the operational flux, causing larger drag force towards the membrane thus increasing 
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fouling[99, 100]. What’s more, the higher TMP caused by the smaller pore size of mem-

branes under constant flux mode tends to create more fouling, especially at the early stage of 

the filtration[101]. For membrane P, the fouling of all three cycles were almost the same. 

However, for membrane L, it got fouled more heavily in the subsequent cycle even though it 

performs better than membrane P in the first cycle. The change of the fouling behaviours af-

ter cycles can be attributed to the decrease in cross-flow velocity at the start of each cycle. 

Since the pump power stayed the same among three cycles, the closing extents of the valve 

were different to guarantee the same flux. Lower cross-flow velocity results in more rapid 

gathering of foulant on top of the membrane surfaces. As the increase of inlet pressure, more 

complete blocking might happen, which contribute to the fouling of membrane L. Another 

explanation can be that due to the decrease of  surface roughness after a round of backwash, 

alginate was prone to attach to smoother surfaces and that results in more rapid fouling in the 

next filtration cycle[70, 71].  

When more Ca2+ was dosed into the solution, both the pH value and zetapotential of foulant 

solution didn’t show much change. The zetapotential of all membranes remained almost the 

same as well. However, the fouling curve revealed different fouling behaviours. The mem-

brane L showed best antifouling performance, followed by membrane P and membrane H. 

For membrane H, the current flux was still beyond the critical flux as the pressure was still 

increasing exponentially[65]. The cause of worse performance of membrane P than mem-

brane L could be the electrostatic force: the electrostatic force between the foulant solution 

and membrane P was smaller than that of membrane L.  
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Figure 18 The normalized permeability and pressure to time curve of membrane P (the pris-

tine membrane), L (coated membrane under 750 °C for 60 min) and H (coated membrane un-

der 860 °C for 30 min) when filtrating 31 mg/L SA (up), 31 mg/L SA with 0.5 mmol/L Ca2+ 

(middle) and 31 mg/L SA with 2 mmol/L Ca2+ (bottom) solution under normal flux around 

170 LMH 
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4.4.2 Influence of flux for artificial water 

Since the normal flux (around 170 LMH), applied in the fouling experiment, apparently ex-

ceeded the critical flux of the membrane H, a lower flux (around 65 LMH) was applied for 

filtration test, using 31 mg/L of SA solution with 2 mmol/L Ca2+. Because the transport of the 

foulants during normal flux was almost three times higher than during lower flux, the perme-

ate volume during the fouling test was used as x-axis to evaluate the influence of the lower 

flux accurately apart from the lower cake layer build up brought by lower foulant transport 

speed. As can be seen from Figure 19, a lower flux did not alleviate the fouling process of the 

membrane H, the normalized permeability curves almost overlapped each other. Only slight 

changes in the slope could be observed. The pressure curves  of the membrane H still showed 

exponential increases, which could mean the lower flux was still above the critical flux. A 

possible explanation could be the bridging effect of Ca2+ between alginates and membrane 

surface, which were both negatively charged[16, 17]. However, for membrane P, a lower flux 

changed the increase of pressure from exponential to linear, which indicates the mechanism 

of cake filtration[64]. Similar changes of fouling mechanism brought by lowering flux were 

found by other researches as well, who emphasized the importance of operating below critical 

flux[15, 65, 76]. 

  

Figure 19 The normalized permeability and pressure to time curve of membrane P and mem-

brane H under flux of 170 LMH and 65 LMH using 31 mg/L SA with 2 mmol/L Ca2+ as fou-

lant solution 
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4.4.3 Influence of flux during filtration of surface water 

For the surface water after filtration over a 5 micron’s cartridge filter, membrane P, under 

both fluxes, showed a cake filtrate mode[64]. The decrease of flux only influenced the linear 

slope of TMP for membrane P. For membrane H, the lower flux was apparently under critical 

flux. The pressure curve of membrane P changed from exponential increase to linear in-

crease, which means the fouling mechanism changed to cake filtration[64]. This could be ex-

plained by that higher TMP and higher local flux enhanced the convective deposition, result-

ing in larger dragging force on foulants than the lift force provided by electrostatic repulsion 

between foulants and membrane surface[102]. When comparing membrane P and membrane 

H, data shown that membrane H had almost the same fouling trend as membrane P with two 

differences. One is that it took membrane H shorter time to stabilize and this was probably 

still due to the stronger electrostatic repulsion force between membrane H and foulant solu-

tion than the repulsion force between foulant solution and membrane P: according to the data 

mentioned before, the zetapotential of membrane P was -15 mV, while for membrane H, its 

zetapotential should be around -27 mV, which was around the zetapotential of β-SiC under 

pH of 6.7[11, 38]. Thus more adsorption happened for membrane P in the first stage, causing 

lager extent of decrease in permeability[15]. After the membrane was already covered with a 

layer of negatively charged foulant, interactions between foulants took place and reduced the 

fouling trend. This was called the ‘loading effect’ mentioned by van der Brink who did SA 

fouling test on polycarbonate membranes[15]. Another difference is that membrane P had 

smaller fouling time of the first cycle, which was caused by the limitation of the experiment 

setup.  If there were two pumps working at the same time, the fouling cycle of the membrane 

P can be more complete. 
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Figure 20 The normalized permeability and pressure to time curve of membrane P and mem-

brane H under flux of 170 LMH and 65 LMH using surface water after 5 micron’s cartridge 

filter 
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backwash of membrane L more than that of membrane P. This was probably due to the elec-

trostatic repulsion forces between the foulant solution and the selective layer of membrane L, 

even though the coating of membrane L was not so stable as mentioned in 4.2. 

Another noticeable difference in efficiency was that almost all the efficiency of the second 

backwash was higher than that of the first backwash. This was probably caused by the rela-

tively longer fouling time during the first cycle, compared to the second cycle, and the fixed 

backwash time. Due to the limitations in the setup, the cycle always ended in a certain TMP 

range for different membranes: i.e. in each cycle the fouling curve ended at around 2.5 bar for 

membrane L when filtering 31 mg/L of SA solution with 2 mmol/L of Ca2+. This means the 

Pe for a membrane was almost the same. However, the first fouling cycle had a larger Po and 

resulted in larger denominator in the efficiency equation. 

For the recovery and efficiency data during the lower flux experiments, two types of mem-

branes (membrane P and H) and two types of foulant solution (31 mg/L SA + 2 mmol/L Ca2+ 

and surface water) were used.  Only membrane P was successfully backwashed when filter-

ing foulant solution with 2 mmol/L of Ca2+. Both values were low in the 1st and 2nd back-

wash. It indicated that efficient backwash was more easily achieved under higher operational 

pressure than under a lower operational pressure. The longer fouling time in one cycle under 

lower flux made the backwash less efficient as well. 

Overall, the backwash flux applied in all these experiments was insufficient to remove the gel 

layer (optical observation in 4.5.2) even though the backwash fluxes were 2 times and 3 times 

of the operational fluxes for experiments done under normal and lower flux. This was proba-

bly due to the inefficient backwash pressure and the strong bridging effect between the fou-

lants and the membrane material[16, 17]. Therefore, the conclusion about the efficiency of 

the backwash was not possible. 
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Figure 21 The backwash recovery of membranes fouled under  normal flux (170 LMH) with 

backwash flux from 344 to 375 LMH 

 

Figure 22 The backwash efficiency  of membranes fouled under normal flux (170 LMH)  with 

backwash flux from 344 to 375 LMH 
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Figure 23 The backwash recovery (left) and efficiency (right of membrane P fouled under 

lower flux (65 LMH) with backwash flux of 191 LMH 

4.5.2 Gel layer image 

Occasionally, a complete foulant layer on top of the membrane was washed out when the 

backwash started (Figure 24). It happened only when abackwash pressure of 6 bar and back-

wash flux around 680 LMH (doubled the backwash pressure of 3 bar and backwash flux of 

344 LMH during the fouling test) were applied on membrane P. No gel layer was observed to 

be washed out for membrane L or H because the backwash flux was much lower. From the 

images it can be observed that a large amount of small pores can be found on in the almost 

transparent gel layer. These pores were made during the backwash flux of around 680 LMH. 

An efficient backwash should remove a complete gel layer, which would guarantee a good 

performance in the next fouling cycle. However, for the fouling experiments presented in this 

thesis, no gel layer was observed to be washed out among three cycles even though the recov-
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on the gel layerduring the backwash period instead of removing the whole gel layer into the 

concentrate. The gel layer formed during the filtration was still sticked to the membrane sur-

face. This was also the finding by Shal et al. (2018) who observed that a biofouling layer was 

only partially released during the backwash with pure water[103]. When the next fouling cy-

cle began, new fouling settled on top of the old fouling layer. 

24%

17%

31 mg/L SA + 2 mmol/L Ca

0%

20%

40%

60%

80%

100%
R

e
c
o
v
e

ry

Solution type

 P 1st cycle

 P 2nd cycle

11%

30%

31 mg/L SA + 2 mmol/L Ca

0%

20%

40%

60%

80%

100%

E
ff

ic
ie

n
c
y

Solution type

 P 1st cycle

 P 2nd cycle



 
41 

Error! Use the Home tab to apply 标题 1 to the text that you want to appear here. 

  

  

Figure 24 The images of gel layer washed out from membrane P when backwash pressure of 

6 bar and backwash flux of around 680 LMH was applied (up left: 20X; up right: 20X; bot-

tom left: 40X; bottom right: 80X ) 
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4.5.3 Fouling resistance comparison 

 

Figure 25 Fouling resistance of different types of membrane for the 1st cycle when filtering  

31 mg/L SA (up left), 31 mg/L SA with 0.5 mmol/L Ca2+ (up right), 31 mg/L SA with 2 mmol/L 

Ca2+ (bottom left) solution under normal flux around 170 LMH and 31 mg/L SA with 2 

mmol/L Ca2+ (bottom right) solution under lower flux around 65 LMH 

 

 

Figure 26 Fouling resistance of different types of membrane for the 1st cycle when filtering  

surface water under normal flux around 170 LMH (left)  and under lower flux around 65 

LMH (right) 
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Since the backwash was inefficient for all the fouling experiments, the fouling resistance cal-

culated based on that could be inaccurate. The fouling resistance includes intrinsic membrane 

resistance Rm, reversible resistance Rr and irreversible resistance Rir. The Rr was calculated 

from the difference between the recovered permeance and the clean water permeance. There-

fore, when the backwash failed to remove all the hydraulic reversible fouling, the calculated 

Rr could be smaller than the real one. In some experiments, no recovery of water permeability 

was observed after the backwash. In this case, the calculated Rr was 0, and the total fouling 

resistance was made up of Rm, which was calculated from the clean water permeability, and 

Rir, which was calculated from subtracting Rm from the total fouling calculated from the wa-

ter permeability at the end of each fouling cycle. The detailed formula was mentioned in 3.8. 

As can be observed from Figure 25, the Rm increased with the decrease of pore size for mem-

brane P (71 nm), L (55 nm) and H (40 nm). This is due to the fact that resistance is inverse 

proportional to the water permeability, and the water permeability increases as the pore size 

increases according to the Hagen–Poiseuille equation[104]. For membrane H, most of the 

fouling was irreversible under this backwash condition. The reversible fouling only occurred 

during the filtration of SA solution with 0.5 mmol/L of Ca2+, this was probably because 

membrane H had the smallest fouling time when filtering this foulant solution compared with 

other foulant solutions (7 min compared with 10 h and 30 min). This finding was consistent 

with the finding by Munla et al. (2012) who observed that irreversible fouling is character-

ized by much slower flux decline while reversible fouling by quicker flux decline for constant 

pressure filtration [102]. More reversible fouling and less irreversible fouling were found on 

membrane P and L, which means that these two membranes functioned well under the given 

operational parameters. For surface water, fouling besides polysaccharides existed (humic ac-

ids, bacteria and other ions) and this made the demineralized water backwash efficiency 

lower. However, when the flux was decreased, the irreversible resistance for membrane P in-

creased.  

Another finding related to the irreversible fouling resistance is that this parameter showed a 

linear increase according to time. The addition of Ca2+ increased the magnitude of the accu-

mulation of irreversible fouling resistance per minute ΔRir and then decrease for membrane P 

and membrane L. This find was consistent with the unimodal pattern of gel layer resistance 

with the increase in Ca2+ concentration by Zhang et al.[14]. 
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Table 5 The linear regression of the membrane irreversible resistance according to time 

 Membrane 

type 

R0 [1/m] ΔRir [1/(m∙min)] R2 

31 mg/L SA P 9E12 3E10 0.9878 

 L 2E13 3E10 0.8151 

31 mg/L SA + 0.5 

mmol/L Ca2+ 

P 8E12 2E11 0.8708 

L 1E13 2E11 0.9947 

 H 3E13 1E13 0.9779 

31 mg/L SA + 2 

mmol/L Ca2+ 

P 7E12 1E11 0.9968 

L 2E13 2E11 0.9953 

(Lower flux) P 4E12 3E10 0.9857 

Surface water P 7E12 9E10 0.9998 
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5 Conclusions, limitations and recommendations 

5.1 Conclusions 

In this study, chemical stability tests and fouling experiments were done on two types of SiC-

Al2O3 ultrafiltration membrane fabricated using LPCVD method under different coating tem-

perature. After coating, SiC-Al2O3 membrane coated under a higher temperature (membrane 

H) only had half the pure water permeability of the low temperature coated membrane (mem-

brane L).  

a) Chemical stability of SiC coated membrane in NaClO solution 

Membrane H showed a good chemical stability in a NaClO solution, with almost no 

change on the water permeability after 200 h of soaking experiment. However, mem-

brane L was not stable in the NaClO solution, showing an increase in water permea-

bility and the dissolution of the coating layer after 200 h of experiment.  

b) Fouling features of SiC coated membrane compared with pristine Al2O3 mem-

brane 

Membrane H also had a better antifouling ability compared with membrane L and the 

pristine alumina membrane (membrane P), when filtering SA solution and the surface 

water, which both had negative zetapotential. The electrostatic interactions between 

membrane surface and the foulant solution were assumed to largely contribute to the 

antifouling ability of the coated membrane when its force was not overcome by the 

super-critical flux. Cake filtration, which indicated an good fouling performance, was 

observed when the operational flux was lower than the critical flux.  

c) Backwash analysis on coated and pristine membrane 

The backwash flux applied in all the experiments was insufficient to remove the gel 

layer on the fouled membranes, resulting in an inefficient cleaning efficiency. How-

ever, a gel layer removal was observed when backwash flux that was four times of the 

operational flux was applied, which implied the necessity of increasing backwash 

pressure. 

d) The influence of calcium on the fouling and backwash 

The addition of Ca2+ reduced the fouling performance of coated membrane first due to 

the decrease of electrostatic interactions and then the quick adsorption of foulant par-

ticles to the membrane surface in the early stage by bridging effect. The addition of 
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Ca2+ had limited influence on the backwash recovery and efficiency of membrane P 

after the addition of Ca2+ while slight improvement was observed for membrane L. 

e) The influence of flux reduction on the fouling and backwash  

The reduction of the operational flux obviously improved the fouling performance of 

membrane H when filtering surface water, which was probably related to the sub-crit-

ical flux operation. Membrane H had a low critical flux compared with membrane P 

and membrane L, while it changed with different types of foulant solution. For a pure 

SA solution, the normal flux (170 LMH) was already below the critical flux, while for 

SA solution with Ca2+ the lower flux (65 LMH) was still too high. Therefore, little ef-

fect was observed on the fouling using SA solution with more Ca2+. However, this 

lower flux was below the critical flux for membrane H when filtering surface water. 

The change of fouling mechanism to cake filtration indicated a stronger effect of elec-

trostatic forces than inlet pressure for membrane H under a lower flux. The backwash 

efficiency and recovery both decreased after the decrease of operational flux, which 

indicates that more fouling were irreversible under lower flux. 
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5.2 Limitations 

This research was done under the constant flux mode without circulation pump. A valve was 

used to increase the pressure at the outside part of the membrane so that the constant perme-

ated flux was guaranteed. This resulted in the changing of crossflow velocity, which is an-

other important factor that effects the membrane fouling due to the shear force it provided. 

When the valve was almost fully closed, the crossflow velocity became small and the shear 

force was too weak to maintain a stable fouling. This limited the fouling capacity of a mem-

brane at even though it did save the energy cost of the circulation pump. 

During the foulant solution characterisation part, Zetasizer Nano ZS was unable to detect a 

valid particle size distribution of the foulant solution used in the research. Therefore, a larger 

concentration of the SA solution was used to obtain a valid data. This could lead to a devia-

tion of the particle size when it was used to compare with the pore size of the membrane dur-

ing the fouling mechanism analysis. 

The Carman-Kozeny model was used to estimate the pore size of the coated membrane. 

However, this model was used to estimate the pressure drop for laminar flow through a 

packed bed solids. In our case, the water used for pure water permeability test was turbulent 

flow and the ceramic membrane was not a perfect packed bed. Several assumptions were 

made in this model. These might cause deviation between the estimated pore size and the real 

one even though the result of one set of data was quite close to the estimated one. 

The backwash was inefficient for the fouling experiments in this research. This resulted in the 

lack of data on reversible fouling resistance especially for the membrane H. Therefore, a 

small amount of the reversible fouling resistance might be neglected  in the study. 
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5.3 Recommendations 

a) Crossflow velocity control 

Since the crossflow velocity was not formally recorded in this study, the addition of a 

flow meter at the circulation tube can be considered. This parameter should be con-

trolled or studied in the future work to reveal its influence on the fouling of the coated 

membrane. 

b) Improvement on characterizing the fouling 

Better technique could be used to get better particle size distribution results of the fou-

lant solution. More methods should be considered on the characterisation of the foul-

ing layer before and after the backwash. The foulant mass balance can be done by an-

alysing the concentrations of the foulant in the influent, permeate and the backwash 

concentrate to acquire the amount of the foulant particles in the fouling layer. Then 

the foulant rejection and the backwash efficiency on removing specific ions can be 

used for further evaluation on the membrane and backwash. Since only SA and sur-

face water were tested in this research, more foulant like HA and BSA as well as their 

combinations could be considered for further analysis. 

c) Further study on backwash 

The complete gel layer washed out after hydraulic backwash indicated the high effi-

ciency of reversible fouling removal under higher backwash pressure. Since this re-

search focused mainly on the fouling study instead of systematic backwash study. 

Further study can be done on finding the optimal backwash pressure for the coated 

membrane. 

d) Further study on chemical stability 

No explanation was offered for the chemical stability difference between the low and 

high temperature coated membranes. Further study can be done on more literature re-

viewing and membrane characterisation about the difference of the SiC layer brought 

by coating temperature. What’s more, this research only used NaClO solution for the 

chemical stability test. More cleaning solutions like NaOH and citric acid can be 

tested in the future. 
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7 Appendix 

7.1 The backwash fluxes applied on experiments 

As can be seen in Table 6, the backwash fluxes and the backwash pressure applied on filtra-

tion tests were listed below. Since the operational flux was around 170 LMH for normal flux 

test and 65 LMH for lower flux test, the backwash flux doubled and tripled the operational 

flux of normal flux test and lower flux test respectively.  

Table 6 The backwash fluxes applied on each experiments 

 Membrane P Membrane L Membrane H 

 BW Pres-

sure [bar] 

BW flux 

[LMH] 

BW Pres-

sure [bar] 

BW flux 

[LMH] 

BW Pres-

sure [bar] 

BW flux 

[LMH] 

31 mg/L SA 

solution 
3 344 5 357 7 355 

31 mg/L SA + 

0.5 mmol/L 

Ca solution 
3 378 5 378 8.5 357 

31 mg/L SA + 

2 mmol/L Ca 

solution 
2.5 351 5 326 8.5 344 

Surface water  2 318   8.5 307 

31 mg/L SA + 

2 mmol/L Ca 

solution lower 

flux 
1 191   4 200 

Surface water 

lower flux 
1 210   3 195 
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7.2 The SEM image of membrane H 

 

Figure 27 SEM image of membrane L after 200 h of soaking in NaClO solution 
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7.3 The fouling test for determining the used SA concentration under flux of 345  

LMH 

 

Figure 28 Membrane P filtering 7 mg/L SA solution with backwash pressure of 5 bar, dura-

tion of 5 minutes and final chemical cleaning with 0.5 % NaClO in ultrasound for 30 minutes 

 

Figure 29 Membrane P filtering 7 mg/L SA solution with 2 mmol/L of Ca2+ with backwash 

pressure of 5 bar, duration of 5 minutes  
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7.4 The fouling test for determining the used SA concentration under flux of 170 

LMH 

 

Figure 30 Membrane P filtering 30 mg/L SA solution  

 

Figure 31 Membrane P filtering 30 mg/L SA solution with 0.5 mmol/L of Ca2+ with backwash 

pressure of 3 bar, duration of 5 minutes 
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Figure 32 Membrane P filtering 10 mg/L SA solution with 0.5 mmol/L of Ca2+ with backwash 

pressure of 3 bar, duration of 5 minutes 

 

Figure 33 Membrane P filtering 10 mg/L SA solution with 2 mmol/L of Ca2+  
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Figure 34 Membrane P filtering surface water without any pre-treatment with backwash 

pressure of 6 bar, duration of 5 minutes 
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