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1.1. Oily wastewater 

Oily wastewater is mainly produced in industries such as metal finishing, petroleum 

refining, food processing, and oil and gas production. Due to the large generated volumes, 

negative impacts on the aquatic environment, and potential threats to human health, 

these streams are becoming one of the major environmental concerns (Coca et al., 2011; 

Jiménez et al., 2018). Oil in oily wastewater can be classified into three categories, namely 

free, dispersed, and emulsified oils. Free and dispersed oils have a relatively large droplet 

size (> 20 μm), and can easily be removed by conventional treatment technologies, such 

as (electro-) coagulation/flocculation, gravity settling, flotation, and centrifugation 

(Gupta et al., 2017; Padaki et al., 2015; Saththasivam et al., 2016). However, it is much 

more difficult to remove emulsified oils from oily wastewater, because the small sized 

particles (< 20 μm) are highly stable, due to the used surfactants, considerably increasing 

the repulsive charge between oil droplets with a high zeta potential (Dickhout et al., 2017; 

Tummons et al., 2020). Therefore, when dealing with oil-in-water (O/W) emulsions, 

conventional technologies are not effective to meet the increasingly stringent discharge 

standards (Adham et al., 2018; Padaki et al., 2015).  

The composition and characteristics (e.g., pH) of oily wastewater varies considerably in 

various industries. It was found that the content of organic carbon of oily wastewater is 

typically high in food and drinking industry, while the oil content is relatively low in metal 

processing industry (Tanudjaja et al., 2019). Produced water, as a by-product of oil and 

gas extraction processes, is considered as the largest stream of oily wastewater in the 

world. Due to the high volume-to-product ratio (up to 3), the annual global volume of 

produced water in 2020 has been estimated to be as high as 54 billion cubic meters 

(Adham et al., 2018; Munirasu et al., 2016). Besides oil, other complex constituents are 

commonly observed in produced water, which either come from the subsurface of the 

extraction wells or the chemicals added in the extraction processes (Chang et al., 2019; 

Wenzlick and Siefert, 2020). Therefore, the composition and characteristics of produced 

water are site-specific, making it challenging to deal with and reuse these wastewater 

streams.  

1.2. Membrane based treatment of oily wastewater 

Microfiltration (MF) and ultrafiltration (UF) have been widely studied to handle O/W 

emulsions, because of their distinct advantages over conventional methods, such as high 

flux, steady and good permeate quality, and small footprint (Chen et al., 2016a; Ebrahimi 

et al., 2010; Hua et al., 2007). The high mechanical, thermal and chemical stability of 

ceramic membranes make these membranes particularly suitable for industrial 

wastewater treatment, such as oily wastewater. While the one-time manufacturing cost 

of ceramic membranes is higher than that of polymeric membranes, they can be a more 

cost-effective option for water treatment applications due to longer membrane lifespan 

and better performance. Compared to polymeric membranes, ceramic membranes have a 
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narrower pore size distribution, a higher porosity, and higher hydrophilicity (Dong et al., 

2019; Wang et al., 2022b; Wu et al., 2022; Zhang et al., 2019). Therefore, better (reversible 

and irreversible) fouling control in water treatment has been observed than when 

polymeric membranes are used (Hofs et al., 2011; Nagasawa et al., 2020). Furthermore, 

ceramic membranes can potentially be cleaned with harsh chemicals and backwashed at 

high pressures for enhanced performance recovery, which could guarantee a longer 

service life (> 15 years) (Gu et al., 2021; Lee et al., 2015).  

The commercially available ceramic membranes, used in oily wastewater treatment, are 

alumina (Al2O3), titania (TiO2), zirconia (ZrO2) and silicon carbide (SiC) (Asif and Zhang, 

2021). The relative properties of these membranes vary. As shown in Figure 1.1, Al2O3 

membranes are cheaper than other ceramic membranes, but they have the lowest 

permeability with a less hydrophilic surface, leading to a higher fouling potential. TiO2 

and ZrO2 membranes have a higher permeability and a more hydrophilic surface than that 

of the Al2O3 membrane, thus improved fouling control has been observed in water 

treatment. SiC membranes have the highest permeability and they own a super-

hydrophilic (static water contact angle below 5°) and (negatively) charged surface, 

creating a low fouling property (Hofs et al., 2011; Xu et al., 2020).  

 

Figure 1.1. Relative properties of commonly used ceramic membranes for water treatment (Asif 

and Zhang, 2021). The inserted pictures represent the tubular ceramic membranes developed at 

Fraunhofer IKTS, Germany (top left) and at Liqtech, Denmark (right bottom).  
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1.3. Thesis research framework 

1.3.1. Problem statement 

SiC membranes exhibit a low fouling potential, thus being promising for O/W emulsions 

treatment. However, SiC membranes are normally prepared at high sintering 

temperatures, up to 2000 °C in an inert atmosphere, making them more expensive than 

the traditional ceramic membranes (Fraga et al., 2017b; Hotza et al., 2020).  

The objective of this thesis was, therefore, to potentially reduce the fabrication cost of 

commercial SiC membranes by preparing SiC membranes at lower temperatures and 

using cheaper supports (e.g., Al2O3). 

Novel SiC-deposited Al2O3 membranes were prepared by low pressure chemical vapor 

deposition (LPCVD) at a temperature of 750 °C. Although commercial SiC membranes are 

considered to have a low fouling characteristic, fouling properties of these newly 

developed SiC-deposited ceramic membranes could be affected by, e.g., the surface 

properties of the membranes (and the support), characteristics of feed and operational 

conditions, and was thus subject of study, as schematically shown in Figure 1.2.   

In addition, the performance of the newly developed SiC-deposited membranes in O/W 

emulsions treatment could be related to: 

⚫ the deposition parameters of LPCVD. The properties of the ceramic membranes such 

as pore size, porosity, surface morphology, and water permeance are affected by the 

deposition parameters (e.g., deposition time, temperature). The deposition of the SiC 

layer on the Al2O3 membrane surface may make the membrane more fouling resistant, 

but the loss of water permeance should also be considered.  

⚫ filtration mode and operational parameters. Constant pressure filtration and constant 

flux filtration are generally used to evaluate membrane fouling in literature. The 

comparison of these two filtration modes is rarely made, especially when membrane 

modification and treatment of O/W emulsions are involved. In addition, operational 

parameters such as transmembrane pressure (TMP) and permeate flux can have an 

impact on membrane fouling.  

⚫ the characteristics of O/W emulsions. The complexity and variation in composition of 

O/W emulsions make membrane fouling difficult to control. The role of each 

component of O/W emulsions should be studied to provide a better understanding 

on membrane fouling.  

Understanding these above mentioned factors and mechanisms could then lead to feasible 

application of the novel SiC-deposited Al2O3 membranes for the treatment of O/W 

emulsions.  
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1.3.2. Research questions 

To achieve the main objective, extensive literature reviews were performed (Chapters 2 

and 3) and the following three, specific research questions were formulated:  

(1) What is the impact of the various deposition parameters on the properties (e.g., 

morphology, pore sizes and water permeance) of the SiC deposited Al2O3 membranes? 

(Chapter 4) 

(2) Among the two types of filtration modes (constant pressure and constant flux 

filtration), which one is the most suitable to assess the performance of the SiC 

deposited Al2O3 membranes before and after deposition? (Chapter 5) 

(3) What is the effect of filtration parameters (e.g., permeate flux) on SiC deposited Al2O3 

membrane fouling? and what is the role of quality (e.g., surfactant concentration, pH, 

salinity and divalent ions) of the O/W emulsions in membrane fouling ? (Chapter 6) 

 

 

Figure 1.2. Schematic overview of the main chapters of this thesis.  

1.3.3. Outline of the thesis 

In this thesis, novel SiC-deposited Al2O3 membranes were developed and tested for O/W 

emulsions treatment, aiming at a better understanding of the effect of surface properties 

of the membranes, characteristics of feed, and operational conditions on membrane 

fouling and potential upscaling of this technology.  
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Chapter 2 consists of a literature review on ceramic membrane filtration for oily 

wastewater treatment. An overview of different types of ceramic membranes and their 

performance in oily wastewater treatment was presented. In addition, the factors that 

affect membrane fouling and related fouling control strategies were discussed. 

Among the various strategies used for membrane fouling control in oily wastewater 

treatment, membrane modification is the most studied. In Chapter 3 the advantages and 

disadvantages of different methods used for ceramic membrane modification were 

compared, aiming for improved filtration performance in oily wastewater treatment. In 

addition, the performance of these modified membranes in terms of oil rejection, 

permeate flux and fouling was assessed.  

A novel SiC-deposited Al2O3 membrane was developed by LPCVD  and in Chapter 4 the 

effect of the deposition time on the properties of the membranes was systematically 

studied via various characterization methods. The antifouling performance of the 

deposited membranes was tested with an O/W emulsion.  

In Chapter 5 the membrane performance before and after deposition at constant 

pressure filtration and constant flux filtration conditions were respectively compared. 

The threshold flux of the membranes with varying deposition times was first determined. 

In constant flux filtration, membrane fouling was studied below and above the threshold 

flux, respectively. The membrane performance was further tested at the same driving 

force and the same initial flux, respectively during constant pressure filtration 

experiments.  

Each component in oily wastewater may play a role in membrane fouling. In addition, 

membrane surface hydrophilicity and charge are considered to be vital on membrane 

fouling. Therefore, the effects of emulsion chemistry (surfactant concentration, pH, 

salinity and Ca2+) and operation parameters (permeate flux and filtration time) were 

comparatively evaluated for the Al2O3 membranes with and without a SiC deposition in 

constant flux filtration mode in Chapter 6.  

Finally, conclusions and recommendations for future research are presented in Chapter 

7.  
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Abstract  

Oily wastewater is produced in various industries, such as food and beverage production, 

metal processing, and oil and gas extraction. It has an adverse impact on the environment 

and ecosystems if directly discharged. However, after proper treatment, the water can be 

reused for other purposes. Membrane technology has been found to be effective to 

remove oil droplets from oil-in-water emulsions in comparison to traditional methods. 

Ceramic membrane filtration is assumed to be more effective than filtration by polymeric 

membranes. It has a lower fouling tendency and higher recoverability. Another advantage 

of ceramic membranes lies in their higher mechanical, chemical and thermal stability, 

permitting more aggressive chemical cleaning. Membrane fouling, however, is still one of 

the major challenges in oily wastewater treatment. In this review, we first discuss the 

properties of oily wastewater and ceramic membranes (materials and type) for oily 

wastewater treatment. Secondly, the factors that affect ceramic membrane fouling by oil 

droplets are presented. Finally, we discuss the strategies that have been used to control 

ceramic membrane fouling during the filtration process and opportunities for improved 

fouling control are identified. We concluded that membrane fouling is strongly related to 

the characteristics of oily wastewater (e.g., oil concentration, pH, salinity, surfactant type 

and concentration, and temperature), membrane properties (e.g., surface hydrophilicity, 

charge and roughness) and operational parameters (e.g., cross-flow velocity, TMP and 

permeate flux). By using pretreatment, membrane fouling can be reduced. 

Backpulsing/backwashing is effective to maintain a long-term operation. Chemical 

cleaning is effective to restore the performance of the ceramic membranes with an 

accumulation of irreversible fouling. In addition, membrane modification could be applied 

to enhance permeate flux, fouling resistance and oil rejection of ceramic membranes.  
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2.1. Introduction 

Due to the rapid industrial growth, vast amounts of oily wastewater are produced by a 

wide range of industries, such as oil and gas, petrochemical, food, textile, leather and metal 

finishing (Coca et al., 2011; Fakhru'l-Razi et al., 2009; Kajitvichyanukul et al., 2011). Oily 

wastewater, especially produced water, generated from oil and gas wells, contains a high 

level of pollutants. It may cause a series of problems if directly discharged into the aquatic 

environment (Salahi et al., 2013). Therefore, these oil/water mixtures should be treated 

to meet the stringent discharge regulations and reduce the environmental impacts 

(Kumar et al., 2015). Furthermore, the explosive growth of world population and 

economy has resulted in greater demands for clean freshwater and, therefore recycling 

industrial oily wastewater should also be considered (Pendergast and Hoek, 2011).  

Oily wastewater can be classified into three types, i.e., free, dispersed and emulsified oils, 

by considering the droplet size. Free oil has a droplet size greater than 150 µm with a 

lower specific gravity than water and can thus easily be removed by traditional 

techniques like flotation. Dispersed oil, with oil droplet sizes ranging from 25 µm to 150 

µm, is more stable than free oil and will only coalesce by an external force induced e.g., by 

centrifugal processes (Zhu et al., 2017). Oily wastewater with a droplet size of less than 

20 µm, is classified as emulsified oil (Kajitvichyanukul et al., 2011; Lin et al., 2019). 

Emulsified oils are usually stabilized by surfactants and are, therefore, resistant to 

coalescence to form larger oil droplets (Kajitvichyanukul et al., 2011). This makes them 

difficult to be removed from wastewater. Various technologies have been used to separate 

oily wastewater based on the oil droplet size (Yu et al., 2017). These include coagulation 

and flocculation, gravitational settling, dissolved air flotation, hydrocyclone, and 

adsorption. However, when dealing with stable oil-in-water (O/W) emulsions, the above-

mentioned methods have difficulties, i.e., too low separation efficiency to meet reinjection 

and reuse purposes (Janknecht et al., 2004). Moreover, the traditional methods have high 

capital and operational costs and require a large operation space (Fakhru'l-Razi et al., 

2009; Padaki et al., 2015; Saththasivam et al., 2016). The advantages and disadvantages 

of the commonly used methods for oily wastewater treatment have been compared in 

Table 2.1.  
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Table 2.1 Comparison of oily wastewater treatment methods (Fakhru'l-Razi et al., 2009; 

Saththasivam et al., 2016). 

Methods  Principle Advantages  Disadvantages  

Coagulation/flocculation  

Break the 
emulsion and 

promote droplet 
coalescence via 

chemical 
additives  

Enhanced oil 
coalescence and 

aggregation, increase 
the removal of solids 

and organic compounds 

Not effective for 
dissolved oil 

removal, a large 
volume of sludge is 

produced  

Gravitational settling  

Separation of 
free oil (> 150 

µm) based on the 
specific gravity 
of oil droplets 

No energy requirement, 
cheaper, effective for 
large oil droplets and 
suspended particles 

removal 

Not suitable for 
stable emulsion and 

dissolved oil 
removal 

Dissolved air flotation 

Oil droplets 
attach to the 
dissolved air 

bubbles and float 
to the surface  

Suitable for the removal 
smaller particles and oil 

droplets > 20µm 

Difficult to remove 
dissolved oil, not 
cost effective to 
produce large 

amount of air that 
are smaller than oil 

droplets 

Hydrocyclone 
Free oil 

separation under 
centrifugal force  

Compact modules, 
higher efficiency for 
smaller oil droplets 

Fouling and 
clogging, energy 
requirement, not 

effective to remove 
stable oil emulsion 

Adsorption  

Retain 
contaminants by 

porous 
adsorbent  

Compact modules, high 
quality effluent, cheaper 

High retention time, 
generated chemical 
waste related to the 

regeneration of 
adsorbent  

Polymeric membrane 

Remove 
particles, colloids 
and oil droplets 
(< 20 µm) based 
on size exclusion  

High quality permeate, 
small footprint, little 

chemical requirement  

Membrane fouling, 
susceptible to 
degradation at 
temperatures 

higher than 50 °C, 
sensitive to 

chemical cleaning 

Ceramic membrane 

Remove 
particles, colloids 
and oil droplets 
(< 20 µm) based 
on size exclusion 

High quality permeate, 
small footprint, little 

chemical requirement, 
high chemical, thermal 

and mechanical stability 

Membrane fouling, 
Higher cost than 

polymeric 
membranes, 

brittleness, defects 
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Membrane separation is one of the most promising methods for oily wastewater 

treatment, especially O/W emulsions (Obaid et al., 2017; Tanudjaja et al., 2019). The 

separation of oily wastewater by membranes has several advantages, including a high oil 

removal efficacy, no chemical addition, and a more compact design, compared to 

traditional technologies (Padaki et al., 2015). The high mechanical, thermal and chemical 

stability of ceramic membranes make these membranes particularly suitable for 

industrial wastewater treatment, such as oily wastewater (Hyun and Kim, 1997). The 

initial manufacturing cost of ceramic membranes is higher compared to their polymeric 

counterparts. However, the performance of ceramic membranes in water and wastewater 

treatment, including extended lifespan and reduced maintenance requirements, can 

offset the overall water production cost (Gu et al., 2021). Besides, because of the 

hydrophilic surface, the high porosity and the narrow pore size distribution, ceramic 

membranes are considered to have a higher permeate flux and lower membrane fouling 

(Goh and Ismail, 2018; K. Shams Ashaghi, 2007; Li et al., 2020). Moreover, they are known 

as materials with good tolerance to high oil content and other foulants in the feed. After 

fouling, the membranes can be cleaned in-place (CIP) with more aggressive chemicals at 

a higher temperature (Asif and Zhang, 2021; Jarvis et al., 2022; Tomczak and Gryta, 2020), 

while, polymeric membranes normally suffer from degradation when the temperature is 

higher than 50 °C (Saththasivam et al., 2016). A schematic review of the advantages of 

ceramic membranes for water treatment over polymeric counterparts can be found in a 

recent review (Li et al., 2020). As a result, ceramic membranes have been widely studied 

in oily wastewater treatment. As shown in Figure 2.1, the number of publications about 

ceramic membranes for oily wastewater treatment, as well as the number of citations of 

papers per year, increased considerably, from 20 and 733 to 101 and 3866 respectively, 

between the years 2012 and 2020.  
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Figure 2.1. Numbers of publications and citations on the topic of ceramic membranes for oily 

wastewater treatment from 1989 to 2022. The data were extracted from Web of Science in March 

2022, with the keywords of “ceramic membrane AND (oily wastewater OR oil-in-water emulsion 

OR produced water)”.  

The membranes, however, suffer from fouling problems during the filtration process, in 

which a layer of oil droplets, suspended particles and other components of wastewater is 

formed on the membrane surface and/or membrane pores are plugged or blocked by 

small oil droplets and particles (Rezakazemi et al., 2018). Membrane fouling causes a 

decrease in permeance, resulting in a lower flux or higher operating pressures (Lu et al., 

2016a). As a consequence, it is important to control membrane fouling effectively during 

the filtration process (Ebrahimi et al., 2017). Reducing membrane fouling can lead to a 

decrease in operating costs and thus to a potential increase in ceramic membrane 

applications on the oily wastewater treatment market.  

In their previous work, Dickhout et al. (2017) explored the interaction between the 

membrane and produced water emulsion from a colloidal perspective. Huang et al. (2018) 

conducted a review of antifouling membranes for oily wastewater treatment, focusing on 

the interplay between wetting and membrane fouling. More recently, Tanudjaja et al. 

(2019) provided an overview of various aspects related to the practical applications of 

membrane filtration for oily wastewater treatment. However, to date, no review papers 
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have specifically addressed fouling of ceramic membrane filtration in the treatment of oily 

wastewater. In order to achieve a comprehensive understanding of ceramic membrane 

fouling by oily wastewater, in this review, we first introduce the composition of oily 

wastewater and then the ceramic membranes (materials and type) for oily wastewater 

filtration. Afterwards, the factors affecting ceramic membrane fouling during oily 

wastewater separation are discussed from the aspects of feed characteristics, membrane 

properties, and operational parameters. Finally, the commonly used strategies 

(pretreatment, backpulsing/backwashing, chemical cleaning and membrane modification) 

for fouling control of ceramic membrane filtered by oily wastewater are reviewed and 

opportunities for improved fouling control are identified.   

2.2. Ceramic membrane filtration for oily wastewater treatment 

2.2.1. Composition of oily wastewater 

Oily wastewater mainly contains oil and grease and some other contaminants, such as 

suspended particles, dissolved organic substances, chemical additives (e.g., surfactants), 

and inorganic substances (e.g., heavy metals, and salts) (Lee and Neff, 2011). However, 

the composition of oily wastewater varies considerably in various industries. A high 

content of organic carbon is commonly observed in the food and drinking industry, while 

the oil content in metal processing industry is very low (Tanudjaja et al., 2019).  

Produced water during oil and gas extraction is the largest stream of oily wastewater in 

the world with a global estimated 3:1 volume-to-product ratio, adding up to an estimated 

annual global volume of 54 billion cubic meters in 2020 (Adham et al., 2018; Munirasu et 

al., 2016). To prevent operational problems and improve oil recovery, surfactants and 

other chemical additives are commonly used in the oil and gas industry (Dickhout et al., 

2017; Jiménez et al., 2018). Produced water also contains other constituents from the 

subsurface (Abadi et al., 2011). The physical and chemical properties of the produced 

water vary considerably, depending on the geographic location, operational conditions 

and age of the oil and gas fields. For example, salinity and hardness level, mainly 

composed of Cl−, Na+, Ca2+ and Mg2+, vary from 0 to 300000 mg L-1 (Jiménez et al., 2018). 

The total organic carbon (TOC) concentration is normally in a range of 500-1000 mg L-1 

(Adham et al., 2018). Typically, the total dissolved solids (TDS), and major ions (e.g., Cl−, 

Na+, Ca2+, Ba2+, Mg2+ and Sr2+) increase with well lifetime, while alkalinity, pH and TOC 

decrease with time (Chang et al., 2019). In addition, a high water to oil production ratio is 

often found in many aging oil wells (Wenzlick and Siefert, 2020).  

2.2.2. Materials used to produce ceramic membranes 

The ceramic membranes widely used in oily wastewater treatment are alumina (Al2O3), 

zirconia (ZrO2), titania (TiO2), silicon carbide (SiC) and low-cost ceramic membranes (e.g., 

mullite, and kaolin) (Figure 2.2A). Al2O3 and ZrO2 membranes were first used for oily 



▪ Chapter 2 

18 

 

wastewater treatment due to their commercial availability on the market (Bhave and 

Fleming, 1988; Chen et al., 1991) (Figure 2.2A). Membrane filtration with an Al2O3 

membrane was considered as the best available technology among the treatments of 

oilfield brines by the US EPA in 1992 (Zaidi et al., 1992). Compared with Al2O3 membrane, 

ZrO2 membrane has a higher and more stable flux in addition to be less susceptible to 

fouling (Koltuniewicz and Field, 1996; Wang et al., 2000; Yang et al., 1998). The higher 

hydrophilic and negatively charged surface of ZrO2 membrane leads to the weak 

attachment of oil droplets. Therefore, higher fluxes and lower fouling have been observed 

(Wang et al., 2000; Wang et al., 2022b).  

Afterwards, zeolite ceramic membranes were synthesized by in situ crystallization on the 

inner surface of tubular α-alumina substrates for oily wastewater treatment (Li et al., 

2008; Liu et al., 2008). It was found that the zeolite layer can improve the fouling 

resistance of the membrane due to the enhanced surface hydrophilicity. In addition, the 

nano-channel pathways along the zeolite pores favour the transport of water molecules 

(Anis et al., 2021; Cui et al., 2008).  

In the present decade (since 2009), TiO2 and SiC membranes have been developed for the 

separation of oily wastewater (Figure 2.2A). Zhang et al. (2009) first studied the TiO2-

doped Al2O3 composite membrane with an average pore size of 0.2 µm for oily wastewater 

filtration, a higher and more stable permeate flux was observed for the Al2O3-TiO2 

composite membrane than that of Al2O3 membrane. Ebrahimi et al. (2009) used TiO2 

membrane for oil-field produced water filtration with an oil rejection of up to 99%.  

Compared with the Al2O3, ZrO2, and TiO2 membranes, SiC membranes have been 

considered to have a higher mechanical strength, chemical resistance and a lower thermal 

expansion coefficient (Ciora et al., 2004; König et al., 2014; Shi et al., 2006). Furthermore, 

SiC membranes have a lower irreversible fouling and higher permeate flux than polymeric 

membranes and traditional ceramic membranes (Chen et al., 2022; Chen et al., 2020b; 

Eray et al., 2021; Hofs et al., 2011). As a result, SiC membranes have been demonstrated 

for pilot and full-scale produced water treatment (Pedenaud et al., 2011; Prado-Rubio et 

al., 2012). More recently, silicon nitride (Si3N4) ceramic membranes were developed and 

studied for O/W separation. The membrane with a pore size of 0.68 µm was found to have 

a high oil rejection (95%) and permeate flux (390 L m-2 h-1 (LMH)) at a transmembrane 

pressure (TMP) of 1 bar in an alkaline environment (Abadikhah et al., 2018; Li et al., 2018).  

One of the major limitations for industrial application of the ceramic membranes is their 

higher costs than their polymeric counterparts, because of the utilization of expensive 

inorganic precursors (Al2O3, ZrO2, TiO2, Si3N4 and SiC), smaller surface area per module 

and high sintering temperatures, associated with high energy consumption (Nandi et al., 

2009). For example, commercial SiC ceramic membranes are usually sintered at a 

temperature up to 2000 °C in an argon atmosphere (Das et al., 2020a). Therefore, clay-

based or clay-bonded and solid-state waste-based low-cost ceramic membranes have 

been developed for the separation of O/W emulsion in the last decade (Figure 2.2A) 
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(Abbasi et al., 2010a; Abbasi et al., 2010b; Chen et al., 2020c; Das et al., 2020b; Eom et al., 

2014; Mohammadi et al., 2004; Nandi et al., 2010; Song et al., 2006; Wu et al., 2022). These 

low-cost ceramic membranes are usually prepared with e.g., kaolin, quartz, mullite, 

feldspar, bauxite and coal fly ash, at a temperature below 1500 °C (Chen et al., 2016a; Zou 

et al., 2019a; Zou et al., 2019b; Zou et al., 2019c). As shown in Figure 2.3, the performance 

of the low-cost ceramic membranes is comparable with traditional commercial ceramic 

membranes in terms of permeate flux and oil rejection (Kumar et al., 2015; Mestre et al., 

2019; Zhu et al., 2016; Zhu et al., 2019). However, the chemical stability of these 

membranes may be lower due to the existence of impurity and higher porosity in the 

membrane matrix, thus leading to a shorter lifetime (Singh et al., 2020). Therefore, they 

are mainly studied with synthetic O/W emulsions at a lab-scale; no pilot or full-scale 

applications have been demonstrated yet.  

 

Figure 2.2. (A) Numbers of papers of different ceramic membranes in three divided decades 

(updated in September 2021), (B) percentage of each type of ceramic membranes, (C) percentage 

of different ceramic MF membrane materials, and (D) percentage of different ceramic UF 

membrane materials for oily wastewater or produced water treatment. Note that some papers 

report on several ceramic materials or types in each, so the number of ceramic membrane 

materials and types rather than the number of papers is presented here.  
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Figure 2.3. Relationship of oil rejection and initial water permeance of traditional ceramic 

membranes and low-cost ceramic membranes. Here we chose 22 samples from literature (Table 

S1, supplementary information) to have a general performance comparison of traditional ceramic 

membranes with low-cost ceramic membranes.  

2.2.3. Type of ceramic membranes used for oily wastewater filtration 

The type of ceramic membranes used for oily wastewater treatment include 

microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and zeolite reverse osmosis 

(RO) (Figure 2.2B). Ceramic MF and UF membranes are the most (> 95%) studied ones 

for oily wastewater treatment among the four types of membranes (Figure 2.2B). In MF, 

Al2O3, SiC and low-cost ceramic membranes are the top three membranes studied in 

literature (Figure 2.2C), while in UF, also ZrO2, and TiO2 membranes are used, where ZrO2 

membrane accounts for the highest percentage (Figure 2.2D). TiO2 and zeolite are 

respectively used as ceramic NF and RO membranes for produced water treatment (Liu 

et al., 2008; Motta Cabrera et al., 2021).  

Table 2.2 lists the configuration of the commercial ceramic membranes used for oily 

wastewater treatment as reported in literature. Considering the high fouling potential and 

variable composition of oily wastewater, tubular ceramic MF and UF are the most used 

because they have a higher fouling resistance and are ease to clean (Mueller et al., 1997; 
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Wang et al., 2000). For model O/W emulsions and refineries, these membranes have 

shown a high oil rejection (> 98%) (Zsirai et al., 2016). Although a lower flux has been 

found at a higher oil concentration in the feed, the rejection of the membrane has not been 

compromised. For real oily wastewater, like produced water, MF or UF treatment alone is 

not sufficient (Chang et al., 2019; Munirasu et al., 2016). For example, despite having a 

much higher permeate flux than other ceramic membranes, the oil rejection of SiC MF 

membrane is only 73-86 % for produced water treatment (Zsirai et al., 2016), and the 

TiO2 UF only reaches a maximum rejection of 88% (Zsirai et al., 2016). Unlike the model 

O/W emulsions, oil droplet size distribution could be much wider in real oily wastewater. 

The presence of  small oil droplets enables them to pass through the membrane easily. 

Additionally, the salinity of real oily wastewater, such as produced water, is very high, 

compromising the effectiveness of the membrane’s surface charge in oil rejection.  

Given that low rejection is commonly observed by ceramic MF/UF for real oily 

wastewater, especially produced water, NF and RO should then be considered as a post-

treatment step. Because the temperature of produced water could be as high as 85 °C, 

ceramic membranes are more suitable to use than polymeric membranes, since they 

would encounter degradation issues at these high temperatures (Atallah et al., 2019b). 

Ceramic NF and zeolite RO membranes are relatively new technologies (Fakhru'l-Razi et 

al., 2009; Voigt et al., 2019). Ebrahimi et al. (2009) reported the use of commercial NF 

membranes, preceded by either MF or UF for the treatment of model (synthetic) and real 

produced water. The ceramic membrane systems showed up to 99% oil removal, but 

severe flux reduction of NF membranes was observed during real produced water 

filtration. In another study, a total oil removal of up to 99.5% was also obtained using 

ceramic UF followed by ceramic NF as a final treatment of oilfield produced water 

(Ebrahimi et al., 2010). Besides the high oil rejection, ceramic NF also exhibited high TOC 

(75-90%) rejection and 100% total suspended solids (TSS) rejection. Furthermore, most 

divalent cations and anions (e.g., Ba2+, Ca2+ Mg2+ and SO42-) can be efficiently removed 

from produced water (Motta Cabrera et al., 2021). Zeolite RO ceramic membranes are 

normally synthesized at lab-scale. Because of the uniform sub-nanometer- or nanometer-

scale pores of zeolites, these membranes could be used to reject dissolved organic 

pollutants and salts from produced water (Liu et al., 2008).  
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Table 2.2 Comparison of commercial ceramic membrane filtration in the treatment of oily wastewater. 

Membrane Feed condition Performance 

Refs 
Material 

Pore size 
(µm) 

Configuration Oil type 
doil 

(µm) 

Cf  

(mg L-1) 

CFV 
(m s-1) 

TMP 
(bar) 

Initial flux 
(LMH/bar)) 

Final flux 
(LMH/bar)) 

Rd 
(%) 

α-Al2O3 0.2 Tubular Crude oil 1-10 250 0.24 0.69 760 61 98.5 
(Mueller et al., 

1997) 

α-Al2O3 0.8 Tubular  Crude oil 1-10 250 0.24 0.69 982 48 99.9 
(Mueller et al., 

1997) 

α-Al2O3 0.1-0.2 Tubular  
Rolling 

emulsion  
10-20 10000 3-5 1-2 54 ~ 99.8 

(Wang et al., 
2000) 

ZrO2 0.1-0.2 Tubular  
Rolling 

emulsion  
10-20 10000 3-5 1-2 125 62.5 99.9 

(Wang et al., 
2000) 

α-Al2O3 0.05 Tubular 
Synthetic 

oily 
wastewater 

~ 500 1.68 2 ~ 85 98 
(Hua et al., 

2007) 

ZrO2 0.2 ~ Refinery oil ~ 6000 2.56 1.1 218 109 99.4 
(Zhong et al., 

2003) 

α-Al2O3 0.2 Tubular  Refinery oil ~ 26 2.25 1.25 350 260 84.6 
(Abadi et al., 

2011) 

ZrO2 0.1 Tubular 
Produced 

water 
1-100 100 2 2 908 87.5 98 

(Weschenfelder 
et al., 2015a) 
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ZrO2 0.1 Tubular  
Produced 

water 
~ 25±2 3 1.5 700 200 88 

(Weschenfelder 
et al., 2015b) 

TiO2 50kDa Triangular  
Produced 

water 
~ 20-57 2 0.4 200-250 100 

71-
88 

(Zsirai et al., 
2016) 

TiO2 2 Triangular 
Produced 

water 
~ 30-84 2 0.4 350-600 300 

80-
93 

(Zsirai et al., 
2016) 

TiO2 0.05 Tubular  
Produced 

water 
~ 565 0.6-1.3 1 70 5 99 

(Ebrahimi et 
al., 2009) 

SiC  0.04 Tubular 
Olive mill 

wastewater 
~ 275 2 67b 2083 347 97 

(Fraga et al., 
2017a) 

SiC  0.04 Tubular 
Produced 

water 
~ 20-57 2 0.4 1500-1900 500 

61-
85 

(Zsirai et al., 
2016) 

SiC 0.5 Tubular 
Produced 

water 
~ 38-57 2 0.4 7200-8400 2500 

73-
86 

(Zsirai et al., 
2016) 

NFa-TiO2 1000Da Tubular 
Produced 

water 
~ 565 ~ 1 20 20 99.53 

(Ebrahimi et 
al., 2010) 

Cf-oil concentration in the feed, CFV-cross-flow velocity, doil-oil droplet size, Rd-oil rejection, ~ not mentioned, a-UF pretreatment, b-constant flux, LMH.
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2.3. Ceramic membrane fouling in oily wastewater treatment 

Membrane fouling, causing a decreased permeate flux and increased operating costs, is 

one of the primary challenges influencing the long-term operation of membranes 

(Dickhout et al., 2017; Miller et al., 2017; Padaki et al., 2015). As shown in Figure 2.4, the 

type of fouling depends on feed composition (foulant component, pH, ionic strength, and 

temperature), membrane structural and physicochemical properties (pore size, 

hydrophilicity/hydrophobicity, surface charge and roughness), and operational 

conditions (TMP, permeate flux, and cross-flow velocity). The factors that affect the 

ceramic membrane’s fouling in oily wastewater treatment are further discussed in this 

section.  

 

Figure 2.4. Schematic diagram of the three main factors on ceramic membrane fouling during oily 

wastewater treatment.  

2.3.1. Effect of oily wastewater characteristics on membrane fouling 

Membrane fouling is strongly affected by the characteristics of oily wastewater such as oil 

concentration, pH, ionic strength, surfactant type and concentration, and temperature 

(Chen et al., 2022; Nagasawa et al., 2020). With an increase in oil concentration in the feed, 

a larger permeate flux decline and higher oil rejection are normally observed as a thicker 

oil layer is formed over the membrane surface that is difficult to be removed by hydraulic 

cleaning (Hua et al., 2007; Kumar et al., 2015; Mohammadi et al., 2004; Suresh et al., 2016). 

In the cross-flow microfiltration of oily wastewater using an α-Al2O3 membrane, Hua et al. 

(2007) observed that the TOC removal efficiencies increased from 95.8% to 98% with an 

increase in oil concentration from 250 to 1000 mg/L. Kumar et al. (2015) also found a 

larger flux decline in the microfiltration of synthetic oily wastewater when oil 

concentration increased from 50 to 200 mg/L. At the highest oil concentration (200 

mg/L), oil rejection reached 99.64%. The type of oil can affect the droplet behaviour near 

a membrane surface. Oils with a higher viscosity are not easily removed by cross-flow and 

are thus more likely to attach on the membrane surface (Tummons et al., 2020).   
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The effect of pH on oil emulsion depends on the surfactants used for emulsion preparation. 

For instance, the properties (zeta potential and droplet size) of the O/W emulsion, 

stabilized by dioctyl sulfosuccinate sodium salt and Span 80, respectively, have not been 

affected by pH, based on studies by Lobo et al. (2006) and Zhang et al. (2009). The effect 

of solution pH on membrane fouling is mainly caused by the electrostatic interactions 

between the charged membrane surface and the charged oil droplets (Zhang et al., 2009). 

A higher stable permeate flux and higher oil rejection has been found at higher pH due to 

the stronger electrostatic repulsion between the oil droplets and membrane surface 

(Abadikhah et al., 2018). In addition, Hua et al. (2007) observed a higher negative charge 

of oil droplets at a higher pH. In that case, the higher permeate flux of the Al2O3 membrane 

was the result of a more “open” cake layer at high pH, due to the inter-droplet interaction.  

Ceramic membrane filtration is frequently used for high temperature oil emulsion 

separation due to its high thermal stability. At higher temperatures the permeate flux of 

ceramic membranes increase, because of the decrease of the viscosity of water (Abadi et 

al., 2011; Chang et al., 2014; Mohammadi et al., 2004; Zhu et al., 2019). However, 

membrane fouling can also be higher as oil droplets can deform to some degree and block 

the membrane pores due to lower viscosities of the oil at a higher temperature (Chang et 

al., 2014; Mohammadi et al., 2004).  

Salts, commonly present in produced water, are known to affect both the characteristics 

of oil droplets and the interaction at the interface of oil and membrane and, thereby, 

membrane fouling (Tanudjaja et al., 2017). A higher concentration of salts in the feed 

leads to more fouling and lower rejection, due to the effect of compressed electrical 

double layer and reduced oil-water interfacial tension (Hua et al., 2007; Virga et al., 2020; 

Zhang et al., 2013). The charge and shape of the oil droplets are also affected by the salts 

(Weschenfelder et al., 2019). Abbasi et al. (2010a), e.g., found that the permeate flux of 

ceramic membrane decreases with an increase in the salt concentration from 25 to 200 

g/L. However, Weschenfelder et al. (2019) found that the presence of salts can improve 

permeate flux when the membrane and oil emulsion have opposite charges.   

Oil emulsions are normally stabilized by surfactants and, therefore, the type and 

concentration of the present surfactant are important in determining the interaction 

between oil droplets and membrane. A higher permeate flux has been observed when 

ZrO2 membranes were used to separate an anionic (glycolic acid ethoxylate oleyl ether) 

surfactant-stabilized emulsion, while a lower permeate flux was observed for a cationic 

(hexadecyl trimethyl ammonium bromide) surfactant-stabilized emulsion. This 

difference in flux can be attributed to the effects of electrostatic repulsion and 

electrostatic attraction between the membrane surface and droplets (Matos et al., 2016). 

However, an opposite conclusion was drawn by Lu et al. (2015b) who found that 

irreversible membrane fouling could be alleviated during ultrafiltration of O/W 

emulsions with an TiO2 ceramic membrane oppositely charged to the stabilization 

surfactant, due to synergetic steric hindrance and demulsification. It was speculated that 
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the electrostatic attraction of positively charged surfactants on the negatively charged 

membrane surface and pores form a surfactant barrier which prevents oil droplets’ 

penetration. In addition, due to less positively charged surfactants in the solution, small 

oil droplets become unstable and tend to coalesce into larger droplets, which are more 

likely to be rejected by the membrane. In a recent study, Chen et al. (2022) found that 

increase in surfactant concentration (below the critical micelle concentration (CMC)) may 

then enhance the interaction between oil and membrane, and thereby improve 

membrane performance. With an increase in anionic surfactant concentration, the 

irreversible fouling of both positively charged and negatively charged ceramic 

membranes was reduced. The primary reason for fouling alleviation on the positively 

charged membrane surface was attributed to the adsorption of surfactant. On the other 

hand, the reduction in fouling on the negatively charged membrane was attributed to the 

enhanced electrostatic repulsion between the membrane and oil droplets. Irrespective of 

the type of surfactants, a decline of permeate flux has been observed for SiC UF when the 

concentration of surfactant increases (above the CMC) (Shi et al., 2019). Matos et al. (2016) 

found that the permeate flux of ZrO2/TiO2 UF (50 kDa) membrane decreased with the 

concentration of cationic surfactant stabilized emulsions. For emulsions stabilized by 

nonionic surfactant, the membrane only showed a decrease of permeate flux when the 

concentration of surfactant was above the CMC. The permeate flux of the membrane was 

enhanced for emulsions stabilized by anionic surfactants with a concentration below the 

CMC. Another effect of increasing surfactant concentration is the lower oil-water 

interfacial tension, which means that the oil droplets are more deformable and thus easier 

squeeze through the membrane pores. For example, a transition from high to low oil 

rejection was observed for three types (anionic, cationic and nonionic) of surfactant-

stabilized emulsions filtered by SiC MF membrane with increased surfactant 

concentration (Virga et al., 2020).  

Unlike synthetic O/W emulsions, the real oily wastewater (e.g., produced water) contain 

many other components such as suspended particles, dissolved organic compounds and 

solids, which may accelerate membrane fouling. For example, Tomczak and Gryta (2020) 

observed a larger decrease of permeate flux when applying ultrafiltration to real oily 

wastewater than that of synthetic O/W emulsion made from the same oil. The interaction 

of oil emulsions with suspended particles could thus be a major reason for causing 

ceramic membrane fouling. Abdalla et al. (2019) also studied the effect of suspended 

inorganic particles on the microfiltration of oil emulsion. Compared with the emulsion 

alone, the addition of suspended solids (bentonite) in the oil emulsion resulted in a 

permeance decrease of 3.5-5 times. In contrast, Tomczak and Gryta (2020) found that pre-

filtration adversely affect membrane fouling during ultrafiltration of oily wastewater. 

Without pre-filtration, the suspended particles could form a cake layer on the membrane 

surface, preventing the occurrence of internal fouling and leading to a higher stable 

permeate flux. In addition, the particulate matter present in produced wastewater is more 

likely aggregated due to the high salinity of the solution. Membrane fouling becomes more 
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serious when the aggregates break into smaller particles at elevated shear force, leading 

to intermediate pore blocking (He and Vidic, 2016). Polymeric additives used to enhance 

oil recovery via increasing the viscosity of water injected into the reservoirs can also have 

a negative effect on membrane fouling. Weschenfelder et al. (2021) found that the flux 

decline of ZrO2 membranes reached 84% in 40 min operation for feed prepared with 0.1 

g L-1 polymer and 100 g L-1 NaCl. The flux reduction was still high (83% decline) even for 

a feed prepared with only 1 g L-1 polymer. The saturated dissolved solids could form 

crystalline particles (e.g., CaCO3 and BaSO4) in the bulk of oily wastewater and then 

deposit on the membrane surface, even though it can be alleviated by adjusting the pH of 

the feed (Simonič, 2019). The gradual buildup of the precipitates on the membrane 

surface would result in a decline in permeate flux (Loganathan et al., 2015). 

Characterization of flux and permeate quality during oily wastewater treatment is 

generally used to monitor the performance degradation of the membrane due to fouling. 

However, it cannot provide further information on membrane fouling due to the effect of 

interactions of different components in produced water and their interactions with the 

membranes. Therefore, detailed characterizations of the autopsied membranes would 

provide valuable insights into the fouling processes in ceramic membranes. Thibault et al. 

(2017) proposed a possible fouling formation sequence in ceramic ultrafiltration of 

produced water, based on the so-called micro-characterizations such as backscattered 

electron (BSE) imaging and wavelength-dispersive (WDS) X-ray maps (Figure 2.5). Firstly, 

the local surface linear defects, arising from the sol-gel synthesis of the selective layer, are 

responsible for fouling initialization. These defect areas can act as nucleation sites, 

favouring the precipitation of saturated species (e.g., Mg(OH)2, SiO2, and BaSO4). 

Following this initial inorganic precipitation, oil compounds may then preferentially 

adsorb on the precipitates or co-precipitation of dissolved organic matter and silica may 

occur. Eventually, the filtration performance was decreased, and the operating life of the 

ceramic membrane was shortened. In addition, reaction with anatase in the selective layer 

was observed during the crystallization of BaSO4, suggesting that other types of ceramic 

membranes should be considered when dealing with produced water with high levels of 

dissolved Ba.  
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Figure 2.5. Possible sequence of fouling formation on the ceramic membrane surface for 

ultrafiltration of produced water (Thibault et al., 2017). The surface linear defects are the possible 

reason leading to the initialization and propagation of fouling on membrane surface.  

In order to gain a better insight on the fouling mechanism of oil on the membrane surface, 

many other non-invasive techniques have been developed to visualize membrane fouling 

process. One such technique, known as direct observation through membrane (DOTM), 

involves using a microscope equipped with a video camera. Tummons et al. (2016) 

reported using DOTM to reveal the fouling behaviour of sodium dodecyl sulfate (SDS) 

stabilized O/W emulsions on the surface of an anodic alumina Anopore membrane (0.2 

µm). The study found that membrane fouling by oil droplets occurred in three distinct 

stages: (1) droplets attachment and clustering, (2) droplet deformation, (3) droplet 

coalescence. In addition, electrical impedance spectroscopy (EIS), ultrasonic time-domain 

reflectometry (UTDR) and optical coherence tomography (OCT) have been shown to 

provide valuable information on fouling process of droplets on membrane surfaces 

(Tanudjaja et al., 2019; Tummons et al., 2020). However, these techniques are still limited 

in their applications either due to the requirement of a special membrane module or the 

low image resolution of the equipment.  

2.3.2. Effect of membrane properties on membrane fouling 

Membrane pore size  

The rejection mechanism of MF and UF membranes is mainly based on the size-sieving 

effect. A smaller pore size gives a better rejection as well as less irreversible fouling 

(Ghidossi et al., 2009). Oil droplets larger than the membrane pore size may accumulate 

on the membrane surface blocking the pores and eventually forming a deposition or cake 
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layer. A complete pore blocking is easier formed on a membrane surface with smaller pore 

sizes, leading to serious fouling and higher oil rejection (Huang et al., 2018a; Nagasawa et 

al., 2020). However, oil droplets are deformable, and they can squeeze through the 

membrane when TMP is higher than critical pressure (more discussion in section 2.3.3). 

Therefore, irreversible fouling can still occur even if the membrane pore size is smaller 

than the oil droplets (Nagasawa et al., 2020). Ebrahimi et al. (2010) observed a lower 

decline of the flux of the membranes with a pore size of 0.1 µm and 20 kDa compared to a 

membrane with  a pore size of 0.2 µm. Whereas, Jiang et al. (2013) found that an MF 

ceramic membrane with a larger pore size can mitigate fouling for the treatment of 

flowback water from a shale gas well.  

Membrane surface hydrophilicity 

Hydrophilicity is one of the most important surface properties of the filter medium (Chang 

et al., 2010a; Zhou et al., 2010), since the affinity between foulants and the membrane 

surface under water is important for membrane fouling. A hydrophilic surface could 

effectively prevent the deposition or adsorption of the hydrophobic oil droplets from the 

emulsions (Dickhout et al., 2017) and thus improve the membrane permeate flux (Chang 

et al., 2014; Lu et al., 2016b; Srijaroonrat et al., 1999). Ceramic membranes are normally 

prepared with metal oxides and all of them are hydrophilic because of the surface 

hydroxyls, making them, in principle, suitable for oily wastewater treatment (Lu et al., 

2016a). In addition, the surface hydrophilicity of the ceramic membranes was found to be 

related to the open porosity of the membranes. A higher hydrophilic surface was observed 

for membranes with a higher open porosity, leading to lower fouling due to smaller 

adhesion force of oil droplets (Jiang et al., 2022). However, an explanation for this 

phenomenon was not found. Among the ceramic membranes, SiC membranes show 

superhydrophilic properties with a static water contact angle below 5°, resulting in a high 

water permeance and low fouling potential for O/W separation (Jiang et al., 2020; Xu et 

al., 2020).   

Membrane surface charge  

Membrane surface charge becomes increasingly important when charged foulants are 

present in the feed (Tang et al., 2011). Electrostatic interaction will dominate the 

membrane fouling at low salinity in the feed water. However, with a high concentration 

of salts presented, the charge effect will be weakened due to the compression of the 

electrical double layer (He and Vidic, 2016; Zhang et al., 2009). In addition, the membrane 

surface charge is strongly dependent on iso-electric point (IEP) of the membrane 

materials and the pH of the solution. Oil droplets in produced water are usually negatively 

charged, also due to the addition of anionic surfactants to improve oil recovery. Therefore, 

the selection of a membrane with the same surface charge to oil droplets can mitigate 

membrane fouling. This becomes more important when the membrane pore sizes are 

comparable to that of the oil droplets (Nagasawa et al., 2020). SiC membranes have the 



▪ Chapter 2 

30 

 

lowest IEP (pH 2.6) among ceramic membranes, making them thus more suitable for oily 

wastewater treatment with a low salt concentration or ionic strength (Hofs et al., 2011; 

Skibinski et al., 2016). Zsirai et al. (2016) compared performance of SiC and TiO2 

membranes in a pilot-scale study of produced water filtration and the results suggested 

that the SiC MF membranes had the highest fouling propensity among the ceramic 

membranes. This was explained by the following two reasons: firstly, the high salinity of 

the produced water screened the electrostatic interaction between SiC membrane and oil 

droplets. Secondly, all membranes were filtered at the same pressure, a higher fouling 

propensity could happen in SiC MF as the initial flux was more than 10 times higher than 

that of other ceramic membranes.  

Membrane surface roughness 

The effect of surface roughness on membrane fouling is under debate. In some studies, 

increased surface roughness was found to increase membrane fouling due to the 

enhanced interaction between oil droplets and the rougher membrane surface (Rana and 

Matsuura, 2010; Zhong et al., 2013). However, a decreased fouling tendency was observed 

for (super)hydrophilic membranes with a rough surface (hierarchical structure) than the 

one with a smooth surface. The proposed mechanism is that water can be trapped in the 

micro-/nanoscale structure and in this way, reducing the contact area of the membrane 

to which oil-droplets can attach (Dickhout et al., 2017; Huang et al., 2018b).   

2.3.3. Effect of operational parameters on membrane fouling  

Cross-flow velocity  

Membrane separation can be operated in either a dead-end or cross-flow mode. The use 

of cross-flow filtration with turbulent flow can effectively reduce membrane fouling by 

sweeping away the deposited pollutants on the membrane surface, permitting longer 

filtration cycles. Turbulent flow is easier to be obtained in membrane feed channels with 

a wider diameter at lower crossflow velocities compared to capillary membranes. At a 

very high crossflow velocity, turbulent flow can also be achieved in capillary membranes 

(e.g., 0.7 mm inner diameter) while leading to high energy consumption (Table 2.3). Also, 

a higher permeate flux can be observed at higher cross-flow velocities due to stronger 

turbulence formed on the membrane surface. For oily wastewater separation, the 

operation with ceramic membranes in the cross-flow mode is increasing (Zsirai et al., 

2016). However, with increasing cross-flow velocity, the shape of oil droplets is strongly 

deformed and the flocs are prone to breakup on the membrane surface or in the cross-

flow pump due to the high shear forces. In these cases, the oil droplet and particles can 

pass or block the membrane pores, leading to more severe fouling and/or low rejection 

(Darvishzadeh and Priezjev, 2012; He and Vidic, 2016).  
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Table 2.3 Correlation of feed channel diameter and crossflow velocity to achieve turbulent 

flow in membrane filtration.  

Feed channel 

diameter 
Crossflow velocity Flow type 

Energy 

consumption 

Small High Turbulent High  

Big Small Turbulent Low   

 

Permeate flux 

So far, few papers have paid attention to the effect of permeate flux on ceramic membrane 

fouling for oily wastewater treatment. Fraga et al. (2017a) assessed a SiC membrane for 

the treatment of olive mill wastewater at constant flux filtration. A flux of 67 LMH was 

decided for the test as the lowest TMP increase was observed. Loganathan et al. (2015) 

found that the optimal permeate flux range is 125-130 LMH for ultrafiltration of oily 

wastewater in a pilot study. In this flux range, stable and sustained operations were 

achieved. However, several authors have studied the effect of permeate flux on polymeric 

membrane-based oily wastewater treatment (He et al., 2017a; He et al., 2017b; Kasemset 

et al., 2016; Kirschner et al., 2017; Kirschner et al., 2019; Miller et al., 2014a; Miller et al., 

2014b). In most studies, the results indicate that TMP increases gradually and then 

approaches a steady state if the flux is below the threshold flux (He et al., 2017a; He et al., 

2016; Miller et al., 2014b). However, a three-stage fouling is developed when the flux is 

above threshold flux (Figure 2.6). In stage 1, a gradual increase of TMP has been observed 

followed by a sharp TMP jump (stage 2). Finally, the TMP enters a pseudo-steady state 

region. Below the threshold flux, modest increase in fouling resistance was observed for 

both constant flux and constant pressure filtration conditions, while above the threshold 

flux, fouling was more severe in the constant flux system (Miller et al., 2014a). Fux and 

Ramon (2017) have found that during operation at low flux, the oil droplets are spherical, 

being easily removed by cross-flow cleaning, while a high flux would lead to droplets’ 

deformation and irreversible deposition on the membrane surface or in the membrane 

pores.  
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Figure 2.6. Fouling develops in three stages in constant flux cross-flow filtration with flux above 

the threshold flux (He et al., 2017b).  

Operational pressure 

During the filtration of O/W emulsions by a membrane, the rejection of solutes could be 

different from the rigid particulate as the shape of oil droplets varies, depending on the 

applied pressure. Therefore, oil droplets can coalesce or break into smaller ones, entering 

or penetrating the membrane pores that are narrower than the average size of oil droplets 

(Faibish and Cohen, 2001a; He et al., 2017b). A model was put forward by Nazzal and 

Wiesner (1996) to describe the TMP required for a droplet to deform and permeate the 

membrane (critical pressure). The model was later corrected by Cumming et al., (2000) 

and validated by Darvishzadeh and Priezjev (2012). The critical pressure, Pcrit can be 

described as: 

                           (1) 

Where σ is the interfacial tension of the oil phase and aqueous phase, rd is the oil droplet 

size, rp is the diameter of membrane pores, θ is the contact angle of oil and membrane.  

Table 2.4 summarizes the critical pressures for ceramic membranes in oily wastewater 

treatment. As can be seen, the critical pressures are usually located in the range of 1-3 

bars for MF and UF ceramic membranes. Higher critical pressures are observed for larger 

oil droplets filtered by membranes with the same or similar pore sizes. In addition, 

membranes with smaller pore sizes have been found to have a higher critical pressure for 

rejecting oil droplets with comparable sizes. When TMP is higher than the critical 
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pressure, a lower oil rejection but a higher permeate flux can be observed (Nagasawa et 

al., 2020). Furthermore, when the nominal pore size of membranes was similar, the 

membrane with a larger pore size distribution was found to have a lower oil rejection as 

oil droplets can pass through some larger pores of the membrane (Shirzadi et al., 2022). 

Table 2.4 Critical pressures for O/W wastewater based ceramic MF/UF membranes in 

different studies. 

Pore size 
(µm) 

Membrane 
Critical 

pressure (bar) 
Method 

Mean droplet 
size (µm) 

Refs 

0.05  α-Al2O3 2 Experiments  0.45 
(Hua et al., 

2007) 

0.2 ZrO2 1.55 Experiments  --- 
(Zhong et al., 

2003) 

0.2 α-Al2O3 1.25 Experiments  3  
(Abadi et al., 

2011) 

0.2 TiO2 - Al2O3 2.4 Experiments  6 
(Chang et al., 

2014) 

0.68 Si3N4 1 Experiments  0.68 
(Abadikhah et 

al., 2018) 

0.15 --- 1 Analytic  0.9 
(Darvishzadeh 
and Priezjev, 

2012) 

0.5 α-Al2O3/ZrO2 2.8 Analytic  11 
(Srijaroonrat 
et al., 1999) 

--- not reported 

 

2.4. Fouling control of ceramic membrane for oily wastewater filtration 

Membrane fouling is gradually formed during the oily wastewater filtration process. A 

cake layer (reversible fouling) can be formed on the membrane surface when the oil 

droplet size is larger than the pore size of membrane and can be removed by regular 

backpulsing/backwashing. Internal clogging may occur when the particles are smaller 

than the membrane pore size which further reduces the pore volume, thus resulting in 

constriction of pore flow (irreversible fouling) (Kim et al., 1997; Silalahi et al., 2009). 

Chemical cleaning is widely used to recover the membrane performance after 

accumulation of irreversible fouling. In Figure 2.7, we can see that the commonly used 

methods for fouling control of ceramic membranes in oily wastewater treatment include: 
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pretreatment, backpulsing/backwashing, and chemical (acid and/or base) cleaning 

(Shams Ashaghi et al., 2007). In addition, membrane modification can be an effective way 

to alleviate membrane fouling.  

 

Figure 2.7. Fouling control of ceramic membranes for oily wastewater treatment. The strategies 

include pretreament, physical cleaning, chemical cleaning and membrane modification.  

2.4.1. Pretreatment 

Pretreatment to enhance oily wastewater treatment efficacy by ceramic membranes 

include coagulation/flocculation (Abbasi et al., 2012; Zhong et al., 2003), 

electrocoagulation (Changmai et al., 2019) and adsorption (Rasouli et al., 2017b). 

Aluminum and iron salts are commonly used for coagulation and the concentration of 

coagulant is important to increase membrane flux and oil rejection (Abbasi et al., 2012; 

Rasouli et al., 2017a). Flocculants can also be used to decrease membrane fouling and 

improve permeate quality. Zhong et al. (2003) compared five types of flocculants 

(inorganic and polymeric) for the pretreatment of refinery wastewater. The most 

effective flocculant was 3530S (a derivative of polyacrylamide). Changmai et al. (2019) 

utilized electrocoagulation-microfiltration for the treatment of oily wastewater. The 

concentration of oil and grease could considerably be reduced in 20 min and then ceramic 

membranes were used to remove the flocs. Due to the increase in the size of oil droplets 

after coagulation/flocculation as well as the formation of large flocs on the membrane 
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surface, a highly porous cake layer and low attractive energy between the cake layer and 

the membrane surface was formed and the extent of pore plugging was decreased (Zhong 

et al., 2003). However, when the flocculant is overdosed, sludge flocs could be formed and 

could block the membrane pores and thus increase membrane mass transfer resistance 

(Abbasi et al., 2012).  

Oily wastewater treatment can also be enhanced by a hybrid adsorption-membrane 

filtration process. A combination of powdered activated carbon (PAC) with membrane 

filtration is generally used (Abbasi et al., 2011; Rasouli et al., 2017b; Yang et al., 2011a). 

Abbasi et al. (2011) studied the effect of the concentration of PAC on the performance of 

ceramic membranes. Permeate flux of the membranes increased at a low concentration of 

PAC loading (200-400 ppm), while a decrease of permeate flux of the membranes was 

observed at high PAC concentrations due to the deposition of PAC particles on the 

membrane surface. Yang et al. (2011a) also used PAC (100 ppm) as an additive in the 

microfiltration-PAC system for emulsion filtration. Membrane fouling was effectively 

mitigated due to the mechanical scouring effect of PAC particles. Other adsorbents such 

as zeolite can also be used in the pretreatment step to reduce membrane fouling (Rasouli 

et al., 2017b). 

2.4.2. Backpulsing/backwashing  

In Table 2.5, an overview is given of the performance of ceramic MF/UF membranes with 

and without backpulsing/backwashing for oily wastewater treatment. Backpulsing is 

done at a shorter duration (the time backwashing is applied) and higher frequency (time 

between backwashing) as compared to backwashing. During the long-term filtration, 

backpulsing/backwashing has a positive effect on MF/UF membrane filtration 

performance, which is normally conducted at 1-4 bar (Ebrahimi et al., 2010; Zsirai et al., 

2016). It can remove the surface deposits and unblock the pores. In addition, 

backpulsing/backwashing would allow a higher average flux, requiring a lower 

membrane surface area and, as a consequence, resulting in more compact systems with 

reduced footprints (Weschenfelder et al., 2015b). The frequency and duration of 

backwashing can be adjusted to achieve an improved recovery (Jepsen et al., 2018). 

Weschenfelder et al. (2015a) found that a higher effective permeate flux was obtained at 

a higher backwashing frequency. In addition, a combination of backpulsing and 

backwashing led to the highest effective permeate flux. Zsirai et al. (2018) also observed 

that a higher flux can be sustained via the application of backpulsing during the cleaning-

in-place process. Furthermore, backwashing can be enhanced (so called ECB) with 

chemicals such as NaOH and acid to extend the timespan between chemical cleaning (so 

called CIP) being required for produced water treatment (Loganathan et al., 2015).  
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Table 2.5 Backpulsing/backwashing performance of ceramic membranes for oily wastewater treatment.  

Feed  Membrane 
Pore size 

(µm) 
Backpulsing/backwashing 

conditions 
Results  Refs 

Dilute oil-in-
water 

suspension 
α-Al2O3 0.2/0.8 

P = 1.4 bar, tb = 0.2, 0.5 s, f 
= 0.01-0.1 Hz  

The permeate flux was increased up to 25 times with 
backpulsing. 

(Ramirez and 
Davis, 1998) 

Unstable 
secondary 
emulsion 

ZrO2 0.1 
P = 3 bar, tb = 0.7 s, ti = 1 

min  
Steady state flux was increased from 450 to 1000 

LMH after backpulsing  
(Srijaroonrat et 

al., 1999) 

Oil/water 
emulsion  

ZrO2 0.1 P = 4 bar, tb = 0.2, 0.5, 1 s 
The permeate flux with backpulsing was 3-fold 

higher than that without backpulsing  
(Cakl et al., 

2000) 

Olive mill 
wastewater 

SiC 0.04 
P = 3 bar, tb = 0.8 s, ti = 10 

min  

By backpulsing, the final TMP was reduced from 0.53 
to 0.48 bar after 24h filtration at a constant flux of 67 

LMH 

(Fraga et al., 
2017a) 

Real and 
synthetic 

produced water 
α-Al2O3 0.1/0.2/0.5 

P = 2 bar, tb = 1 min, ti = 
30 min/60 min 

A 22% and 30% improvement of permeate effective 
flux could be achieved when backwashing was 

applied every 60 and 30 min respectively 

(Weschenfelder 
et al., 2015a) 

Refinery 
wastewater 

α-Al2O3 0.2 
P = 2 bar, tb = 15 s, ti = 280 

s 
The periodic backwashing of ceramic membrane can 

maintain its performance in a long-term operation 
(Abadi et al., 

2011) 

Oilfield 
produced water 

ZrO2 0.1 
P = 2 bar, tb = 30 s, ti = 40 

min 
The flux increased 35% immediately after the first 

backwashing  
(Weschenfelder 

et al., 2015b) 

P-backpulsing/backwashing pressure, tb-backpulsing/backwashing duration, ti-backpulsing/backwashing interval, f-

backpulsing/backwashing frequency (f = 1/ti).  
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2.4.3. Chemical cleaning 

Although the decline of permeate flux can be prevented by using a periodic 

backpulsing/backwashing process, it is necessary to use chemical cleaning when the loss 

of permeate flux reaches 50-60% (Abadi et al., 2011). In Table 2.6, the chemical cleaning 

efficacy of different methods have been compared for oily wastewater treatment by 

ceramic membranes. As can be observed, the cleaning efficacy is affected by many factors, 

e.g., membrane properties, oily wastewater characteristics, cleaning chemicals, cleaning 

temperature, pressure, and duration. Usually, ceramic membranes can be easily cleaned 

after fouling by a synthetic oil emulsion. Zhu et al. (2016) used 0.1% NaOH aqueous 

solution to backflush the soybean oil fouled TiO2-mullite ceramic membrane, and found 

that over 96% of the original flux can be recovered after the first generation cycle. 

Abadikhah et al. (2019) tested SiO2 nanoparticles modified Si3N4 ceramic hollow fiber 

membrane with gasoline prepared emulsion, the membrane recovery was up to 92% by 

soaking the fouled membrane in HCl (0.5 M) and NaOH (0.5 M) aqueous solutions for 15 

min, respectively. However, the membrane cleaning efficacy is much lower when 

challenged with the combined emulsion/suspension than with emulsion alone. It was 

found that the residual permeance of the ZrO2 membrane is 16-fold lower after fouling by 

a combined emulsion/bentonite suspension based on six short runs with a standard 

chemical cleaning between each run (Abdalla et al., 2019). Due to the complex 

composition of real oily wastewater, such as produced water, the flux recovery of ceramic 

membrane is, in general, lower than for model O/W emulsion (Table 2.6).   

The membrane properties such as pore size can affect the cleaning efficacy too. Silalahi 

and Leiknes (2009) compared the flux recovery of Al2O3 ceramic membrane with a 

nominal pore sizes of 0.1, 0.2 and 0.5 μm, respectively, for crude oil emulsion filtration. 

Membranes with a smaller pore size had a higher flux recovery in almost all cleaning 

combinations as oil droplets are mainly present on the surface of the membrane. Similar 

results have also been reported by other authors (Ebrahimi et al., 2010; Ghidossi et al., 

2009). When challenged with produced water, membranes with a pore size of 0.1 μm had 

a flux recovery of 61%, whereas the cleaning efficacy was only 33% for the membranes 

with a pore size of 0.2 μm (Ebrahimi et al., 2010). Ghidossi et al. (2009) found that 

chemical washing could not regenerate the ZrO2–TiO2 membrane with a pore size of 0.1 

μm for oily wastewater treatment due to internal fouling. A 300-kDa membrane was 

observed to have a high permeance recovery after chemical cleaning. From these studies, 

a membrane with smaller pore sizes seemed to be more suitable for oily wastewater 

treatment to obtain a higher flux recovery with chemical cleaning. In addition, membrane 

surface hydrophilicity and surface charge can also affect the flux recovery of ceramic 

membranes. A higher flux recovery is normally observed for membranes with a more 

hydrophilic surface (Lu et al., 2016a).  

Alkaline and acid solutions are widely used for ceramic membrane cleaning due to its 

chemical stability (Kayvani Fard et al., 2018b; Li et al., 2020). Alkaline solutions can 
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remove the organic compounds from the membrane surface, while inorganic compounds 

(e.g. scaling materials) can be effectively removed by acid solutions (Porcelli and Judd, 

2010). To improve the cleaning efficacy, a combination of the two solutions is commonly 

utilized. For produced water applications, the most effective cleaning cycle is alkaline 

solution cleaning followed by an acid rinse (Chen et al., 1991). Weschenfelder et al. 

(2015b) studied the cleaning efficacy of ZrO2 membranes after filtration with produced 

water. The flux recovery of the membrane was only 40% after hot water rinsing, but could 

be increased up to 58% after alkaline cleaning and to 86% of the original flux after 

subsequent acid cleaning. By optimizing the chemical cleaning protocol, Fraga et al. 

(2017a) found that the flux of SiC membrane can be recovered to 100% after hot water 

rinsing, acid/alkaline and alkaline/acid cleaning after filtering olive mill wastewaters. 

Simonič (2019) also reported that the best strategy to fully restore the ceramic UF 

membrane performance was, firstly, using alkaline solution ASG (PRU 06–03, Gütling, 

Germany) at 40 °C for 1 h at 1bar. Then the membrane was flushed with distilled water. 

Afterwards, the membrane was cleaned with HCl (pH = 3) for 30 min followed by final 

flushing with water.  

In addition, the cleaning efficacy of the ceramic membrane can be further improved with 

chemicals at a higher temperature. Silalahi and Leiknes (2009) found that after filtering 

with crude oil emulsion, the permeance recovery of Al2O3 membranes can reach 91% 

when cleaned at 45 °C with alkaline and acid solutions. A higher permeance recovery 

(99%) was observed when cleaned at 80 °C. Fraga et al. (2017a) also compared the 

chemical cleaning efficacy at room temperature and 60 °C. The membrane could only be 

recovered to 23% permeance when cleaned at room temperature, while the permeance 

was totally restored after cleaning at 60 °C. Complete recovery of membrane performance 

after fouling by real oily wastewater was also achieved by 1–3 wt% NaOH and H3PO4 

solutions at 50 °C (Tomczak and Gryta, 2020).  

Other chemicals such as surfactants (e.g., SDS) and chelating agents (e.g., ethylene diamine 

tetra acetic acid (EDTA)) have also been used for ceramic membrane cleaning. Surfactants 

can detach the oil from the membrane surface due to reduced oil-water surface intension. 

Chelating agents are expected to form complexes with oil droplets and separate them 

from the membrane surface (Garmsiri et al., 2017). Garmsiri et al. (2017) compared the 

cleaning efficacy of SDS with three other chemicals (H2SO4, NaOH and EDTA), and, with 

concentration of 10 mM, it was found to be the best cleaning agents to recover ceramic 

membrane performance after filtration of a simulated O/W emulsion. 

Since ceramic membranes are resistant to oxidation, oxidants, such as sodium 

hypochlorite (NaClO), ozone (O3) and hydrogen peroxide (H2O2), are widely used to 

remove organic and biological foulants on the membrane surface and/or in the pores 

through oxidation and/or disinfection (Porcelli and Judd, 2010; Wang et al., 2014). 

However, these oxidants are not commonly used to clean the ceramic membranes after 
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fouling by oil droplets because they are found to be ineffective to degrade the oil droplets 

(Chang et al., 2001).  

2.4.4. Other cleaning methods 

To minimize the chemical waste after chemical cleaning, other cleaning methods have 

been explored. As an alternative to chemical cleaning, Atallah et al. (2019a) applied a 

steam regeneration technique to recover the performance of ceramic membranes in the 

filtration of produced water at 80-85 °C. It was found that the permeate flux recovery of 

the membrane was only 50% with backflushing only, but it could be increased even up to 

200% with the injection of steam directly into the feed channels in conjunction with 

backflushing. This high flux recovery was attributed to a sudden change in the viscosity 

of the constituents in the cake layer. The viscosity of the filter cake was reduced for the 

duration of the steam exposure time, leading to more effective release from the 

membrane surface. After steam regeneration, the membrane still maintained a high 

temperature, leading to the reduction of feed viscosity and flux recovery of over 100%.   

Heat treatment can also be used for the recovery of ceramic membrane performance via 

heating it in an oven. Abadikhah et al. (2018) restored 99% of the  flux of emulsion fouled 

Si3N4 membranes after heating at 400 °C for 1h, while Chen et al. (2019) recovered the 

membrane performance up to 100% after oil fouling at 600 °C for 2h.  

To enhance the ZrO2 ceramic membrane separation process, an ultrasonic field was 

applied by Shu et al. (2007) in the treatment of O/W emulsion wastewater. The flux 

recovery ratio of the membrane was around 40% with water cleaning under sonication, 

but it could be increased to 70% combining with the use of chemical agents. 

As observed in Table 2.6, the cleaning efficacy of ceramic membranes is related to the 

scale of the filtration experiment too. A higher permeance recovery has been found at 

bench scale than at pilot scale. This efficacy difference is caused by flow paths and uniform 

distribution of cleaning solution, which is more effective on a membrane surface with 

smaller module sizes (Weschenfelder et al., 2015a).  
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Table 2.6 Cleaning of ceramic membranes by various methods for oily wastewater treatment.  

Oily water 
source 

Membrane 
Pore size 
(μm) 

Scale Cleaning methods 
Operation condition 

(Tem, Time, TMP) 

Permeance 
recovery 

(%) 
Refs 

Crude oil α-Al2O3 0.1  b 
1%v– Derquim (pH 9.8) + 1%v–Ultrasil 

73 (pH 2.65) 
80 °C, 0.85 ± 0.1 bar 98 

(Silalahi and 
Leiknes, 2009) 

Crude oil α-Al2O3 0.1 b 
1%v–Ultrasil 73 (pH 2.65) + 1%v– 

Derquim (pH 9.8) 
80 °C, 0.85 ± 0.1 bar 99 

(Silalahi and 
Leiknes, 2009) 

Crude oil α-Al2O3 0.1 b 
1%v–Surfactron CD50 (pH 2.25) + 1%v–

Derquim (pH 9.8) 
45 °C, 0.85 ± 0.1 bar 91 

(Silalahi and 
Leiknes, 2009) 

Crude oil α-Al2O3 0.2 b 
1%v–Ultrasil 73 (pH 2.65) + 1%v– 

Derquim (pH 9.8) 
80 °C, 0.85 ± 0.1 bar 90 

(Silalahi and 
Leiknes, 2009) 

Crude oil α-Al2O3 0.5 b 
1%v–Ultrasil 73 (pH 2.65) + 1%v– 

Derquim (pH 9.8) 
80 °C, 0.85 ± 0.1 bar 60 

(Silalahi and 
Leiknes, 2009) 

Soybean oil mullite 1.02 b 0.1% NaOH Room temperature 65 
(Zhu et al., 

2016) 

Soybean oil 
TiO2-

mullite 
0.11 b 0.1% NaOH Room temperature 96 

(Zhu et al., 
2016) 

Rolling 
emulsion 

ZrO2 0.1-0.2 p 1% NaOH +1% citric acid 70 °C 78 
(Wang et al., 

2000) 

Produced 
water 

TiO2 1000 Da b 
lye solutions (1% (w/ w) NaOH solution, 

Ultrasil P3-14, Ultrasil P3-10)  
30 to 60 min  41 

(Ebrahimi et 
al., 2010) 

Gasoline 
emulsion 

Si3N4 0.68 b Heating at 400 °C  1 h 99 
(Abadikhah et 

al., 2018) 
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b-bench scale, p-pilot scale, ~-not mentioned, Tem-temperature. 

Produced 
water 

ZrO2 0.1 b 
Alkaline solution (1000 mg/L NaOH +100 

mg/L NaClO) + acid solution (8 mg/L 
citric acid + 8 mg/L glycolic acid)  

70 °C, recirculated 
15 min 

95 
(Weschenfelder 

et al., 2015a) 

Produced 
water 

ZrO2 0.1 p 
Alkaline solution (1000 mg/L NaOH +100 

mg/L NaClO) + acid solution (8 mg/L 
citric acid + 8 mg/L glycolic acid) 

70 °C, recirculated 
15 min 

83 
(Weschenfelder 

et al., 2015a) 

Produced 
water 

SiC 0.04 p 6% NaOH + 6% citric acid 30 min, 0.55-0.6 bar 50 
(Zsirai et al., 

2018) 
Olive mill 

wastewater 
SiC 0.04 p 4% NaOH + 2% citric acid 25 °C 23 

(Fraga et al., 
2017a) 

Olive mill 
wastewater 

SiC 0.04 p 4% NaOH + 2% citric acid 60 °C 100 
(Fraga et al., 

2017a) 

Produced 
water 

ZrO2 0.1 b Hot water rinsing 
50 °C, 10 min, 0.5 

bar  
40 

(Weschenfelder 
et al., 2015b) 

Produced 
water 

ZrO2 0.1 b 
  Hot water rinsing + KOH (10 mL/L) 
/alkylbenzene sulphonate (7 mL/L) 

50 °C, 10 min + 
40 °C, 30 min, 0.5 

bar 
58 

(Weschenfelder 
et al., 2015b) 

Produced 
water 

ZrO2 0.1 b 

Hot water rinsing + KOH (10 mL/L) 
/alkylbenzene sulphonate (7 mL/L) + 
Citric acid (8 mL/L)/glycolic acid (8 

mL/L) 

50 °C, 10min + 
40 °C, 30min + 

60 °C, 30 min, 0.5 
bar 

86 
(Weschenfelder 

et al., 2015b) 

Real oil 
emulsion 

α-Al 

2O3-ZrO2 
0.05 b 

Water flushing + alkaline solution, ASG 
(PRU 06-03, Gütling, Germany) + HCl (pH 

= 3) 

40 °C (alkaline 
cleaning), 1h, 1 bar 

99.9 
(Simonič, 

2019) 

Oily 
wastewater 

~ 8 kDa p Water flushing + 3% NaOH + 3% H3PO4 50 °C, 1h + 50 °C, 1h 100 
(Tomczak and 
Gryta, 2020) 

Oil sand 
wastewater 

TiO2 0.1 p Citric acid (pH = 2.5) + NaOH (pH = 13) ~ 100 
(Loganathan et 

al., 2015) 
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2.4.5. Membrane modification  

In the filtration of O/W emulsions, the interaction between oil droplets and membrane 

surface is vital for membrane fouling. Reducing oil droplets adhesion on the membrane 

surface and/or in the pores can be achieved by precoating a thin layer of nano-materials 

(Anantharaman et al., 2020) or by changing surface properties such as charge, roughness 

and hydrophilicity (Dickhout et al., 2017). Thus, surface modification of ceramic 

membranes can make the membranes less susceptible to fouling (Shams Ashaghi et al., 

2007).  

Improving surface hydrophilicity and enabling a higher surface negative charge are two 

of the mostly used strategies for ceramic membrane modification (Chen et al., 2021). To 

improve surface hydrophilicity, nano-sized metal oxides such as TiO2, ZrO2, γ-Al2O3, Fe2O3 

and SiO2 have been used to enhance permeate flux and oil rejection in addition to the 

fouling alleviation of ceramic membranes (Chang et al., 2010b; Chang et al., 2014; Chen 

et al., 2016b; Lu et al., 2016b; Zhou et al., 2010). Besides, zeolites, PAC and graphene oxide 

have also been used to improve the separation efficacy of ceramic membranes during oil 

separation (Cui et al., 2008; Hu et al., 2015; Kayvani Fard et al., 2018a). Since oil droplets 

are stabilized with charged surfactants, electrostatic interaction between membrane 

surface and oil droplets is important for membrane fouling too. To reduce membrane 

fouling, Zhang et al. (2009) doped TiO2 in Al2O3 powder to prepare a composite 

microfiltration ceramic membrane. The doping not only improved membrane surface 

hydrophilicity, but also shifted the isoelectric point of the membrane towards lower pH, 

increasing the negative charge. In addition, Chen et al. (2020b) found that the fouling 

resistance of Al2O3 membrane can be improved after deposition with a thin layer of SiC 

for O/W emulsion separation. The deposited SiC layer increased the negative charge of 

the membrane and, in this way, enhanced the electrostatic repulsion between the 

membrane surface and oil droplets. Furthermore, some organic polymers can also be 

used for ceramic membrane modification. For example, Chen et al. (2020a) grafted highly 

flexible polydimethylsiloxane (PDMS) brushes onto membranes. The grafting layer 

improved the permeate flux and fouling resistance during the separation of highly viscous 

O/W emulsions.  

Despite that membrane fouling can be reduced after modification, there are still some 

challenges in relation to the modified membranes. For example, the durability and 

thermal stability of the coated nanoparticles or grafted polymers on the membrane 

surface may be a problem for practical applications. The nanostructure and properties of 

the coated layer could be damaged during frequent chemical or physical cleaning. In 

addition, the permeance of the membrane is generally lower after modification due to 

additional resistance of the layer formed after modification, leading to lower water 

production in constant pressure filtration. Furthermore, the modified layer may be 

effective to oil fouling, but cannot always address the fouling caused by other components 
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(e.g. particulate fraction, dissolved organic matter and solids) in produced water (Miller 

et al., 2014b).  

2.5. Conclusion and future outlook 

As one of the most promising technologies for oily wastewater separation, ceramic 

membranes have a better permeate quality, fewer chemicals addition, a longer service 

life and a reduced footprint compared to conventional methods. In terms of the type of 

ceramic membranes, MF and UF membranes are the most frequently used. They have 

shown a high oil removal efficacy for most of the oily wastewaters except for the 

produced water. Ceramic NF should be considered to improve oil, dissolved organics and 

salt rejection in produced water treatment. Developing low-cost ceramic membranes 

with clay or solid-state wastes has also been studied to reduce the costs of traditional 

ceramic membranes, long-term investigations of these membranes for oily wastewater 

treatment should be studied as a proof-of-concept.  

Membrane fouling is one of the largest challenges for oily wastewater treatment. The 

selection of proper membranes can alleviate membrane fouling. Ceramic membranes 

with a higher surface hydrophilicity and charge, such as SiC membranes, are considered 

to have less fouling. However, there is not a consistent conclusion about the effect of 

membrane pores on fouling. To prevent the formation of complete pore blocking, 

applying the membranes with a larger pore size may mitigate the fouling. However, 

internal fouling is also easier to be formed in membranes with a larger pore size, leading 

to less permeate flux recovery. To achieve better oil filtration performance, the pore size, 

surface hydrophilicity and charge of the ceramic membranes should therefore be 

optimized together. As fouling can be initiated and accelerated by surface defects of the 

selective layer, the integrity of ceramic membranes should be maintained via careful 

control of the parameters of the membrane fabrication process.  

Crossflow filtration with ceramic membranes for oily wastewater treatment has been 

preferred, as oil accumulation on the membrane surface can be suppressed with shear 

forces. More attention should be paid to the research on the permeate flux effect on 

ceramic membrane fouling as, in practical applications, constant flux filtration is 

preferred, but is rarely studied for oily wastewater treatment. If constant pressure 

filtration is applied, TMP should be below the critical pressure to prevent the penetration 

of oil droplets into the pores.  

Pretreatment, backpulsing/backwashing and chemical cleaning are effective to reduce 

the fouling, recovering the permeance and extend the lifetime of the ceramic membranes. 

Pretreatment including coagulation/flocculation, electrocoagulation and adsorption can 

increase the membrane permeate flux, but overdosing may have an adverse effect. 

Backpulsing/backwashing has been recommended to maintain a long filtration run, but 

it’s not effective to remove irreversible fouling. Chemical cleaning is necessary when the 
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accumulation of irreversible fouling is high. To fully recover the ceramic membrane 

performance after the treatment of real oily wastewater, a combination of the use of 

chemical agents (base and acid) at high temperatures should be considered. In addition, 

steam regeneration, ultrasonic and heating could be effective for the regeneration of 

ceramic membrane and to minimize the waste production caused by chemical cleaning.  

Membrane modification could improve ceramic membrane performance (higher 

permeate flux and oil rejection) and mitigate membrane fouling during the separation 

process. However, few studies have been focused on the stability of the coated layer in 

cleaning operation, which is commonly applied in practical applications. Therefore, the 

durability of nanoparticles and the long-term stability of the modified membranes is still 

to be studied.  
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Supplementary information 

 

Table S2.1 Oil rejection and initial water permeance of traditional ceramic membranes 

and low-cost ceramic membranes. 

Membranes 
Water permeance 

(LMH/bar) 
Oil rejection (%) Refs 

Al2O3 982 99.9 (Mueller et al., 1997) 

Al2O3 760 98.5 (Mueller et al., 1997) 

Al2O3 105 99.9 (Yang et al., 1998) 

ZrO2 1250 90 (Zou et al., 2021) 

ZrO2 125 99.9 (Wang et al., 2000) 

ZrO2 130 99.8 (Yang et al., 1998) 

ZrO2 908 98 
(Weschenfelder et al., 

2015a) 

TiO2 200 88 (Zsirai et al., 2016) 

TiO2 350 93 (Zsirai et al., 2016) 

SiC 7200 86 (Zsirai et al., 2016) 

SiC 2083 97 (Fraga et al., 2017b) 

Si3N4 1750 88.6 (Li et al., 2018) 

Si3N4 1300 91 
(Abadikhah et al., 

2018) 

Zeolite 170 99 (Cui et al., 2008) 

Zeolite  415 92.2 (Barbosa et al., 2018) 

Mullite  40 94 (Abbasi et al., 2010a) 

Mullite 188 89.5 (Chen et al., 2016a) 

Mullite 106 98 (Chen et al., 2016a) 

Mullite 1100 96.4 (Rashad et al., 2021) 

Mullite/TiO2 240 97 (Zhu et al., 2016) 
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Kaolin/quartz 260 85 (Vasanth et al., 2011) 

Fly ash/Al2O3 450 99.2 (Zou et al., 2019b) 

Kaolin/fly ash 2500 98.5 (Zou et al., 2021) 
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Abstract 

Membrane filtration is considered one of the most promising methods for oily 

wastewater treatment. Because of the hydrophilic surface, ceramic membranes show less 

fouling compared with their polymeric counterparts. Membrane fouling, however, is an 

inevitable phenomenon in the filtration process, leading to higher energy consumption 

and a shorter lifetime of the membrane. It is therefore important to improve the fouling 

resistance of the ceramic membranes in oily wastewater treatment. In this review, we 

first focus on the various methods used for ceramic membrane modification, aiming for 

application in oily wastewater. Then the performance of the modified ceramic 

membranes is discussed and compared. We found that, besides the traditional sol-gel and 

dip-coating methods, atomic layer deposition is promising for ceramic membrane 

modification in terms of the control of layer thickness, and pore size tuning. Enhanced 

surface hydrophilicity and surface charge are two of the most used strategies to improve 

the performance of ceramic membranes for oily wastewater treatment. Nano-sized metal 

oxides such as TiO2, ZrO2 and Fe2O3 and graphene oxide are considered to be the potential 

candidates for ceramic membrane modification for flux enhancement and fouling 

alleviation. The passive antifouling ceramic membranes, e.g., photocatalytic and 

electrified ceramic membranes, have shown some potential in fouling control, oil 

rejection and flux enhancement, but have their limitations.   
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3.1. Introduction  

Water scarcity is a worldwide problem that threatens the sustainable development of 

society (Mekonnen and Hoekstra, 2016; Werber et al., 2016). The consumption of water 

by the industry sector is continuously rising in the last decades (Willet et al., 2019). In the 

meantime, large amounts of wastewater are produced in various industrial processes, 

leading to the pollution of the aquatic environment and thus threatening human health 

(Lefebvre and Moletta, 2006; Yang and Li, 2017). One of the typical examples is oily 

wastewater, which is produced by several industries, such as food and beverage, and 

textile production, metal finishing, and oil & gas extraction (Chen et al., 2020c; Chen et al., 

2016a; Ibrahim et al., 2009; Zhu et al., 2016). The largest stream of oily wastewater in the 

world is produced during the oil & gas extraction process (produced water). It is 

estimated that the annual global volume of produced water reached 54 billion cubic 

meters in 2020 (Adham et al., 2018; Munirasu et al., 2016). To deal with oily wastewater, 

various treatment technologies have been developed, including flotation, coagulation & 

flocculation, gravitational settling, hydrocyclone, and adsorption (Coca et al., 2011; 

Duraisamy et al., 2013; Gupta et al., 2017). However, most of the above technologies are 

limited by the use of large volumes of chemical agents, the need for a large installation 

space, and a low separation efficacy for small oil droplets. It is therefore important to 

develop a robust, energy-efficient and low-cost technology for sustainable oily 

wastewater treatment (Padaki et al., 2015).  

Membrane separation is considered as one of the most promising methods for oily 

wastewater treatment, especially for oil/water (O/W) emulsion separation with an oil 

droplets size smaller than 20 µm (Lin et al., 2019; Zhu et al., 2017). Compared with 

traditional methods, membrane separation has a higher oil removal efficacy, a more 

compact design and a smaller footprint. The high mechanical, chemical and thermal 

stability of ceramic membranes makes them particularly suitable for oily wastewater 

treatment (Abadi et al., 2011; Motta Cabrera et al., 2021; Zou et al., 2019a; Zou et al., 2019b; 

Zou et al., 2019c). It is assumed that ceramic membranes have a narrow pore size 

distribution, high porosity and hydrophilicity. Therefore, lower fouling is commonly 

observed in ceramic membranes compared to their polymeric counterparts (Hofs et al., 

2011). Membrane fouling, however, is an inevitable phenomenon during the separation 

process. For oily wastewater treatment, large oil droplets may accumulate on the 

membrane surface causing cake layer formation. The membrane pore size can also be 

blocked or plugged by small droplets, leading to internal clogging. For both cases, the 

membrane performance deteriorates. This can be expressed by the reduction of water 

permeation flux, increase in transmembrane pressure (TMP) and increase in energy 

consumption (Zhang et al., 2016a). To control membrane fouling, 

backpulsing/backwashing can be applied periodically to remove reversible fouling (Cakl 

et al., 2000; Gao et al., 2020). When the performance of the membrane decreases by 50-

60%, chemical cleaning is needed to remove irreversible fouling and to restore the 

membrane performance (Abadi et al., 2011). However, the robustness of the membrane 
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may decrease after frequent chemical cleaning, which has been found to be a challenge 

for ceramic nanofiltration (NF) membranes (Kramer et al., 2019). When membrane 

cleaning is not effective anymore, the membrane has to be replaced (Tummons et al., 

2020).  

In order to solve the membrane fouling problem fundamentally, the most common 

strategy is to construct fouling-resistant membrane surfaces via membrane modification 

(Anantharaman et al., 2020; Miller et al., 2017; Rezakazemi et al., 2018). In addition, pre-

coating of a protective layer on the membrane surface is found to be effective for fouling 

alleviation (Anantharaman et al., 2020; Lu et al., 2016b; Zhao et al., 2005), but this is not 

covered in this review. Membrane modification is achieved by changing the surface 

physicochemical properties of the membrane to alleviate the interaction between the oil 

droplets and membrane surfaces (Gu et al., 2021; Li et al., 2020). It is assumed that surface 

hydrophilicity, charge and roughness are the three main factors affecting membrane 

fouling (Miller et al., 2017). A smooth surface is considered to be beneficial for fouling 

alleviation (Vrijenhoek et al., 2001). Membranes with a higher hydrophilic surface are 

supposed to have a lower propensity for adhesion to the hydrophobic oil droplets and are 

observed to have lower fouling (Chang et al., 2014; Zhou et al., 2010). For O/W emulsions 

stabilized by surfactants, the surface charge of the membranes becomes important for 

feeds with a low salinity (Dickhout et al., 2017). The membrane surface can then be 

modified to enhance the electrostatic repulsion between oil droplets and membrane 

surface (Chen et al., 2020b). In this way, oil droplets are less prone to be adsorbed on the 

surface or inside the pores. More recently, ceramic membranes coupled with 

photocatalysts (e.g., TiO2) or Fenton catalysts (e.g., Fe2O3) have been developed to 

degrade the organic pollutants deposited on the surface via the strong radicals (e.g., ·OH) 

produced by the catalyst (Golshenas et al., 2020; Park et al., 2012). To alleviate membrane 

fouling, electrically active materials can also be incorporated into the matrix of ceramic 

membranes or coated on the membrane surface (Geng and Chen, 2016). With the 

assistance of external electricity, the organic pollutants can then be degraded by electro-

oxidation or oxidized by the strong oxidizing intermediates. Other new ceramic 

membranes such as piezoelectric ceramic membranes have also been developed to 

alleviate the fouling by oil droplets via the in-situ generated ultrasound to suppress the 

accumulation of oil droplets on the membrane surfaces (Mao et al., 2020; Mao et al., 2019).   

In this review, we first present the various methods, currently used, for ceramic 

membrane modification, the advantages and disadvantages of these methods are then 

discussed and compared. Afterwards, the current status, mechanism and performance on 

the state-of-the-art anti-fouling ceramic membranes for the treatment of oily wastewater 

are presented. Finally, potential opportunities and challenges of using modified ceramic 

membranes for oily wastewater treatment are highlighted.        
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3.2. Modification methods of ceramic membranes  

Ceramic membranes are mostly composed of metal oxides and manufactured by high-

temperature sintering. In principle, they are considered to be hydrophilic due to the 

presence of hydroxyl (-OH) groups on the membrane surface. However, the -OH groups 

density of the membrane is reduced after high-temperature calcination (Chang et al., 

2010b). Surface modification of ceramic membranes can make the membranes less 

susceptible to fouling (Miller et al., 2017). In 1898, Martin and Cherry (1898) reported the 

modification of ceramic Pasteur-Chamerland water filters for the first time with gelation 

or silicic acid. Nowadays many more ceramic membranes modification techniques exist, 

such as sol-gel (De Lange et al., 1995), dip-coating (Xia et al., 2000), doping/blending 

(Zhang et al., 2009), grafting (Wei and Li, 2009), hydrothermal synthesis (Suresh et al., 

2016), chemical vapor deposition (CVD) (Ha et al., 1996), and atomic layer deposition 

(ALD) (Li et al., 2012).  

3.2.1. Sol-gel  

The most commonly used strategy for ceramic membrane modification is the sol-gel 

process that is appropriate for making thin and porous layers with controllable porosity 

on a wide range of substrates (Duan et al., 2022; He et al., 2022; Lu et al., 1997). This 

method provides membranes with relatively thin top layers and it has widely been used 

for industrial ceramic membranes production (Nair et al., 1997). Basically, there are two 

kinds of sol-gel techniques: polymerization of molecule units (PMU) and destabilization 

of colloidal solutions (DCS). The PMU process is controlled by the hydrolysis of alkoxides 

and polycondensation followed by ageing and drying in the ambient atmosphere. The DCS 

process uses peptization of inorganic salts or hydrous metal oxides with an electrolyte 

and then these colloidal solutions are destabilized and gelation is obtained (Amin et al., 

2016; Hench and West, 1990). The precursor sol can either be deposited on the 

membrane support to form a top layer (e.g., by dip-coating or spin coating) or cast into a 

suitable container with the desired shape to obtain the membrane (Guizard, 1996). To 

prevent the formation of defects and pinholes in membranes, the preparation should be 

done in a dust-free environment. In addition, partial gelation in the sol should be avoided 

(Guizard, 1996). Due to the particle aggregation at the sol stage in the DCS route, the PMU 

route has been considered to be more suitable for ceramic NF membrane fabrication (Cai 

et al., 2015). The modification of ceramic membranes via the sol-gel method aims for 

narrowing membrane pore sizes and endowing a lower fouling surface (Duan et al., 2022; 

Wang et al., 2022a). Bayat et al. (2016) prepared a γ-alumina ultrafiltration (UF) 

membrane on an α-alumina substrate by the sol-gel technique for separation of oil from 

real oily wastewater. The γ-alumina separation layer had an average pore size of 20.3 nm 

and exhibited a high permeate flux 112.7 L·m-2·h (LMH) and an oil rejection of 84% at a 

TMP of 5 bar. The low oil rejection was possibly due to the penetration of small oil 

droplets of feed at a relatively high temperature (35 °C).  
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3.2.2. Dip-coating  

The dip-coating technique, offering the advantages of flexibility and ease of operation, is 

also frequently used for ceramic membrane modification (Xia et al., 2000). Dip-coating 

can be used for the coatings of sols or suspensions of submicrometer powders (Bonekamp, 

1996). A dry substrate is dipped into a ceramic powder suspension or sol and then 

withdrawn from it, enabling the membrane surface to absorb a layer of suspension or sol 

due to the capillary forces. Once the layer comes into contact with the atmosphere it will 

rapidly dry and then a controlled calcination process follows (Barati et al., 2020). 

Generally, the coating thickness by a dip-coating process is in the range of 100 nm–100 

µm (Bonekamp, 1996). Yang et al. (1998) fabricated an asymmetric ZrO2/α-Al2O3 

composite membrane with zirconia fine powder suspensions at concentrations of 5-20%. 

The zirconia top layer had a thickness of 20 µm and an average pore size of 0.2 µm. The 

performance of the prepared ZrO2/α-Al2O3 composite membrane was compared with 

three commercial alumina membranes for separating O/W emulsions and the results 

indicated that the zirconia membrane had the highest stable permeate flux and same oil 

rejection as γ-Al2O3 membrane despite its higher mean pore size.  

3.2.3. Surface grafting  

Surface grafting is achieved by the combination of polymer chains onto a solid surface via 

a chemical reaction process, forming a strong covalent bond between the polymer 

brushes and the surface (Faibish and Cohen, 2001a; Rezakazemi et al., 2018). Therefore, 

the grafting layer has long-term chemical stability. The precursors for grafting are mostly 

polymers such as fluoroalkylsilanes (FAS) (Krajewski et al., 2006), poly(vinylpyrrolidone) 

(PVP) (Faibish and Cohen, 2001b), polyethylene oxide (PEO) (Atallah et al., 2019b) and 

poly(vinylacetate) (PVAc) (Jou et al., 1999). To initialize the grafting, membrane surfaces 

may be pretreated by chemicals, UV-irradiation, plasma or enzymes (Nady et al., 2011). 

Depending on the kind of grafting polymers, the specific properties of the membrane can 

be changed from superhydrophilic to superhydrophobic, which would widen the possible 

application ranges of the membranes. Hydrophilic ceramic membranes, with high 

mechanical strength, and a high chemical and oxidant tolerance, are modified by surface 

grafting mainly to make them hydrophobic or superhydrophobic for membrane 

distillation applications (Hendren et al., 2009). However, it can also be used for ceramic 

membrane modification to improve its anti-fouling abilities for oily wastewater treatment. 

A novel fouling-resistant zirconia-based UF membrane was modified by Faibish and 

Cohen (2001a) via free-radical graft polymerization of PVP chains onto the membrane 

surface. The membrane was evaluated for the filtration of microemulsions with oil 

droplets size of 18-66 nm. Due to the effective decrease in membrane pore size by grafted 

PVP chains, the modified membrane demonstrated higher oil rejection compared to the 

pristine ceramic membrane. In addition, the modified membrane exhibited lower 

irreversible fouling as a result of the effective masking of –OH surface groups by PVP 

chains to reduce the association of solution species with the membrane surface.  



▪ Chapter 3 

53 

 

3.2.4. Blending or doping  

Another membrane modification method is the blending or doping of inorganic nano-

sized particles into the membrane matrix (Jin et al., 2023; Monash and Pugazhenthi, 2011; 

Zhang et al., 2009). In this method, the nanoparticles are physically mixed with membrane 

precursors and then sintered at optimized temperatures via solid-state reactions. This 

method has also widely been applied to the fabrication of composite organic/inorganic 

membranes, and numerous types of inorganic materials, such as titanium dioxide (TiO2) 

(Tetteh et al., 2021), silicon dioxide (SiO2) (Yao et al., 2022), zeolites (Zhang et al., 2021) 

and carbon nanotubes (Kim et al., 2012), have been incorporated into organic polymers 

for the production of NF/reverse osmosis (RO) membranes. Doping/blending can also 

enrich the surface functionality of ceramic membranes. Liu et al. (2018) doped SiO2 

nanoparticles into the alumina matrix and increased the hydrophilicity of the membrane, 

resulting in a 20.5 % and 6 % enhancement in water flux and oil rejection.   

3.2.5. Hydrothermal method  

Hydrothermal synthesis has widely been used for inorganic materials and zeolite 

membrane preparation (Huang and Yang, 2007; Xu et al., 2004; Yang and Park, 2019). In 

a typical hydrothermal reaction, an aqueous mixture of precursors is heated in an 

autoclave at temperatures of 80–230 °C for several hours or up to days (Yeo et al., 2013). 

For membrane modification, the membrane support is firstly immersed in the solution 

with a mixture of precursors, then the autoclave is placed in an oven for the hydrothermal 

process. Afterwards, the membranes are washed, dried and calcined. This method offers 

several advantages such as low cost, simple set-up and high yield (Senapati and Maiti, 

2020). Therefore, several researchers have modified ceramic membranes via the 

hydrothermal process to improve their oil separation efficacy. Suresh et al. (2016) 

prepared TiO2 and γ-Al2O3 composite membranes via a hydrothermal method, and due to 

the enhanced surface hydrophilicity, both membranes showed a higher permeate flux, 

while maintaining similar oil rejection for oil emulsion filtration. Paimen et al. (2020) also 

deposited α-Fe2O3 on the Al2O3 hollow fibre support via the hydrothermal route. The 

deposited α-Fe2O3 layer improved the permeate flux of the membrane due to the increase 

in surface hydrophilicity. To remove dissolved organics in produced water, Liu et al. 

(2008) prepared α-Al2O3 supported RO zeolite membranes by hydrothermal synthesis. 

The uniform sub-nanometer- or nanometer-scale pores of zeolite favoured the passage of 

water over organic pollutants. Therefore, the membrane obtained a high organic rejection 

but gave low permeance.  

3.2.6. Chemical vapour deposition  

With the CVD method the pore structure and pore size are optimized to improve the 

selectivity of ceramic membranes. Via the reaction of one or several gas phase precursors 

inside or around the substrate pores, a thin film is deposited on the porous substrate at a 
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temperature between 400 and 1000 °C (Mavukkandy et al., 2020). The CVD method is 

easier to use than the traditional sol-gel and dip-coating methods, because it does not 

need a repeated coating process (Khatib and Oyama, 2013). CVD is a scalable technology, 

when empirical conditions for preparing good quality membranes (e.g., silica membranes) 

have been identified (Pedersen, 2016). Currently, most studies about ceramic membranes 

modification by the CVD process have focused on the tailoring of membrane pore size for 

applications in gas separation (Zhang et al., 2016b), fuel cells (Meng et al., 2007), and 

catalyst membrane reactors (Nomura et al., 2006). However, the application of CVD to 

fabricate high-performance ceramic membranes for water treatment, especially for O/W 

separation, has also been reported in the literature: silica (Zhang et al., 2017), silicon 

carbide (SiC) (Chen et al., 2020b) and carbon nanotubes (Chen et al., 2012) have been 

studied as a coating layer for ceramic membrane modification by means of CVD to 

increase oil rejection and/or improve membrane fouling resistance.  

3.2.7. Atomic layer deposition  

ALD is a new technique for thin film deposition which is suitable for depositing uniform 

and conformal films on complex three-dimensional supports at a much lower 

temperature (from room temperature to 300 °C) than CVD (Kukli et al., 2016). This 

method was first developed in the semiconductor industry for the miniaturization of 

semiconductor devices (George, 2010) and then it was used for other applications such as 

membrane modification (Li et al., 2011). Compared with other deposition techniques such 

as CVD, molecular beam epitaxy (MBE), and evaporation, ALD can precisely control the 

thickness of the film at the Ångstrom or monolayer level with a high quality (pin-hole free 

films) (Leskelä and Ritala, 2003). With this technique, two or more precursors are made 

to react with one another cyclically. Normally one reaction cycle involves four different 

steps: 1) exposure of the first reactant A, 2) purging of the reaction chamber to remove 

unreacted precursors and by-products, 3) exposure of the second reactant B, 4) further 

purging to remove unreacted precursors and by-products. Depending on the required 

film thickness, the reaction can be repeated on the substrate surface, based on the growth 

cycle.  

Li et al. (2012) modified ceramic membranes with Al2O3 layers by the ALD deposition 

route. The membrane pore size decreased with the increasing ALD cycles and thus the 

pure water flux suffered from a decline. However, the retention to bovine serum albumin 

increased from 2.9% to 97.1%. Shang et al. (2017) prepared a tight ceramic NF membrane 

by depositing a TiO2 layer via the ALD technique. After modification, the membrane 

maintained higher water permeance than commercial, tight polymer NF membranes and 

sol-gel-made tight ceramic NF membranes. Tight ceramic NF membranes are promising 

in O/W separation, especially for produced water, as they can remove micro-oil droplets, 

dissolved organics and multivalent ions at the same time. However, until now ALD has 

only been used for modification of polymeric membranes (Yang et al., 2018b), and 

stainless steel meshes (Kang et al., 2020) to improve their oil separation performance. To 
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date, studies about ceramic membranes modified by ALD for O/W separation have not 

been carried out yet.  

3.2.8. Comparison of the different ceramic membrane modification methods  

An overall comparison of the different ceramic membrane modification methods is 

presented in Table 3.1. All these modification methods have been found to be effective to 

improve ceramic membrane performance for oily wastewater treatment. However, these 

methods have their advantages and disadvantages in various aspects. Firstly, the layer 

thickness should be an important criterion to evaluate a modification method considering 

the trade-off between the membrane permeance and selectivity (Park et al., 2017). Sol-

gel coating gives a thinner layer (50 nm-4 µm) than the dip-coating method, and thus it 

can be used for the preparation of ceramic NF membranes. Surface grafting aims to form 

polymeric chains on the membrane surface, and the layer thickness depends on the chain 

length of the used polymers and grafting time. Doping/blending is a physical mixing of the 

membrane precursors and nanoparticles, which would only change the surface 

functionality of ceramic membranes with a minor effect on membrane pore sizes. Zeolite 

RO membranes prepared by the hydrothermal method generally have a thick top layer, 

enabling a high rejection to organic molecules but giving low permeance (Liu et al., 2008). 

Compared with the traditional ceramic membrane modification methods, CVD and ALD 

can obtain a relatively thin film on substrates. Especially, the ALD can achieve a thin layer 

with atomic layer thickness, with the potential to control membrane pore sizes at the 

nanoscale. 

Secondly, the antifouling ability of ceramic membranes depends on the physicochemical 

properties (e.g., hydrophilicity and iso-electric point (IEP)) of the coated materials. In this 

regard, the materials that can be used for modification is another criterion when selecting 

the methods. Sol-gel is used for the coating of some common metal oxides such as γ-Al2O3, 

ZrO2, TiO2, or their mixtures (Cai et al., 2015). However, dip-coating can be extended for 

almost all types of inorganic materials due to its high flexibility. Surface grafting is mainly 

used for the silanation of ceramic membranes to create a hydrophobic surface for 

membrane distillation. Doping/blending is also suitable for most inorganic materials if 

the doping materials can withstand a high sintering temperature as the membrane while 

maintaining their physicochemical properties. Hydrothermal synthesis is mainly used for 

the preparation of zeolite membranes. Metal oxides can also be synthesized on the 

membrane surface by this method, but is rarely described in literature. CVD has widely 

been used for the deposition of inorganic and organic thin films. For ceramic membrane 

modification, SiO2, SiC and CNT are used for O/W separation. Similar to CVD, ALD is also 

used for the deposition of organic and inorganic layers on the membrane support. 

Therefore, CVD and ALD are supposed to be more effective than traditional sol-gel and 

dip-coating methods for modifications of ceramic membranes.  

Lastly, the scalability and overall costs should be considered. Sol-gel and dip-coating are 

mature techniques for the fabrication of commercial ceramic membranes. However, 
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defects can be formed in the selective layer which may affect membrane performance 

(Thibault et al., 2017). In addition, doping/blending is a versatile and cost-effective way 

to modify ceramic membranes in just one step, which can save the preparation costs of 

the membrane while enabling the surface functionality, but is only suitable for MF/UF. 

The long synthesis time and low permeance of the resulting membranes prepared by 

hydrothermal methods are problematic and, therefore, this method does not seem 

appropriate for membrane modification for oily wastewater treatment. CVD has been 

scaled up for ceramic membrane preparations mainly for gas separation (Khatib and 

Oyama, 2013). The number of ceramic membranes prepared via the CVD for the water 

treatment field is still low possibly due to its high cost, compared with the traditional sol-

gel and dip-coating methods. ALD is considered as one of the most promising methods to 

fine tune membrane surface properties and pore structures. However, the upscaling and 

the high costs of ALD is currently limiting its wide applications in the membrane field (Li 

et al., 2021), but the continuous improvement and development of ALD reactors would 

make it feasible in the coming future.
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Table 3.1 Comparison of various ceramic membrane modification methods for oily wastewater treatment. 

Modification 
method 

Layer 
thickness 

Membrane 
type 

Layer 
material 

Temperature 
(°C) 

TRL Advantages Disadvantages Ref. 

Sol-gel 
50 nm – 4 

µm 
UF, NF 

γ-Al2O3, 
ZrO2, TiO2, 

TiO2–ZrO2 
350-600 9 

-narrow pore 
size distribution 

-relatively 
controllable 
composition 

-easy scale up 

-defect formation 

-thick layers 

-particle 
agglomeration 

(Bayat et al., 2016; 
Cai et al., 2015; Das 

and Maiti, 2009; 
Lee et al., 2020; Qiu 
et al., 2017; Tsuru 

et al., 2001; 
Vacassy et al., 

1997) 

Dip-coating 
100 nm – 
100 µm 

MF, UF, NF 
Most 

inorganic 
materials 

800-1000 9 

-high flexibility 

-excellent 
homogeneity 

-susceptible to 
defect 

-multiple coating 
and baking steps 

-thick layers 

(Mavukkandy et al., 
2020; Yang et al., 

1998) 

Surface grafting ~ MF, UF, NF 
Polymeric 
monomers 

Room 
temperature 

4 

-controllable 
introduction of 

graft chains 

-simple and 
cheap 

-long-term 
chemical 
stability 

-need initiation 

-mainly for 
hydrophobisation 

of ceramic 
membrane 

(Nady et al., 2011) 
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TRL - Technology Readiness Levels  

 

Doping/blending ~ MF, UF 
Most 

inorganic 
materials 

Same 
temperature 

as the 
membrane 

9 

-simplicity 

-cost effective 

-reproducibility 

-large pore size 
(Monash and 

Pugazhenthi, 2011; 
Zhang et al., 2009) 

Hydrothermal 
synthesis 

1 – 10 µm MF, RO 
Zeolite, 
TiO2, γ-

Al2O3, Fe2O3 
80-230 4 

-low synthesis 
temperature 

-low cost 

-limited materials 

-long synthesis 
time 

-thick layer 

(Cui et al., 2008; 
Liu et al., 2008; 

Paiman et al., 2020; 
Yeo et al., 2013) 

CVD 
4 nm – 10 

µm 
MF, UF, NF 

Organic and 
inorganic 
materials 

400- 1000 6 

-high coating 
uniformity 

-few defects and 
scalable 

-high deposition 
temperature 

-high cost 

(Mavukkandy et al., 
2020) 

ALD 
Monolayer 

to few 
nanometers 

MF, UF, NF 

Organic, 
inorganic 

and metallic 
materials 

Room 
temperature 

to 300 
4 

-conformal and 
uniform layers 

-pin-hole free 
films 

-ultrathin layers 

-low deposition 
temperature 

-low throughput 

-high cost 

-scale up limitation 

(Lee et al., 2020; 
Mavukkandy et al., 
2020; Weber et al., 

2019) 
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3.3. Performance of antifouling ceramic membranes for oily wastewater treatment 

Membrane fouling is inevitable despite that ceramic membranes are proven to be less 

fouled by oil droplets compared with their polymeric counterparts (Murić et al., 2014). 

Membrane characteristics including membrane pore size, surface charge, roughness, and 

hydrophobicity/hydrophilicity have an effect on membrane fouling (Zhang et al., 2015). 

To improve the fouling resistance of ceramic membranes for oily wastewater treatment, 

various strategies and materials have been developed for ceramic membrane 

modification. Besides oil droplets, membrane fouling can also be affected by other 

components (e.g., surfactants, salinity, and particles) in oily wastewater (He and Vidic, 

2016; Lu et al., 2015a). Therefore, the modification should be tailored based on the 

characteristics of oily wastewater to achieve a better filtration performance. The foulants 

such as surfactants in oily wastewater were found to improve the flux of membranes 

(Trinh et al., 2019), but not part of this work. In this section, the modified ceramic 

membranes studied for oily wastewater treatment are discussed and compared.  

Here, the ceramic membranes are further classified into active and passive antifouling 

membranes based on the antifouling mechanism (Figure 3.1). The active antifouling 

ceramic membranes mean that the fouling can be reduced or mitigated by coating a 

hydrophilic and/or charged layer on membrane surfaces, while the passive antifouling 

ceramic membranes normally need the assistance of chemicals (e.g., H2O2) or external 

energy (e.g., electricity, UV) to achieve their antifouling ability. Therefore, these two types 

of antifouling ceramic membranes are discussed separately.  

 

Figure 3.1. Active and passive antifouling ceramic membranes for oily wastewater treatment.  

3.3.1. Active antifouling ceramic membranes 

Hydrophilic ceramic membrane 

Due to the formation of a water molecule layer on the surface to prevent the contact with 

pollutants from the solution, a hydrophilic surface (water contact angle < 90°) is 
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considered to be less prone to be fouled by organic compounds and microorganisms. As a 

result, improving surface hydrophilicity of ceramic membranes is one of the main routes 

to alleviate membrane fouling due to the increased affinity of the surface for water over 

oil (Zhu et al., 2013). Nano-scale TiO2, ZrO2, Fe2O3, γ-Al2O3 and SiO2 have been used to 

enhance the hydrophilicity of commercial ceramic membranes. Zhou et al. (2010) used 

nano-sized ZrO2 to modify commercial Al2O3 membranes. The result showed that the 

steady flux kept 88% of the initial flux and oil rejection was higher than 97.8%, because 

the coating made the membrane more hydrophilic with a water contact angle of 20° on 

the ZrO2 coating. Chang et al. (2014) also developed an Al2O3 supported TiO2 membrane 

with a water contact angle of 8°, which was much lower than that of the pristine 

membrane. The results indicated that the ceramic membrane modified by a mixture of 2 

mol/L Ti(SO4)2 and 1 mol/L urea had the highest flux. In addition, TiO2 coating caused a 

higher oil rejection and lower fouling of the membrane due to a lower attraction force of 

the hydrophilic coating to oil droplets. In order to overcome the low flux of ceramic 

membranes for produced water treatment, Marzouk et al. (2021) modified commercial 

ceramic TiO2 membranes with SiO2 nanoparticles by dip-coating. Due to the improved 

surface hydrophilicity, the flux and total organic carbon rejection of the membranes were 

improved considerably at 0.5 wt% SiO2 loading.  

Other metal oxides such as Fe2O3, MnO2, CuO and CeO2 have also been studied to prepare 

a more hydrophilic ceramic membrane. Lu et al. (2016a) studied the effects of the various 

metal oxides (i.e., TiO2, Fe2O3, MnO2, CuO, and CeO2) as a filtration layer on a ZrO2 

membrane for O/W emulsion separation. Even though the surface charge of these metal 

oxides varies, the irreversible fouling is mainly determined by the hydrophilic character 

of filtration-layer metal oxides (Lu et al., 2016a). Highly hydrophilic Fe2O3 is regarded as 

a potential filtration-layer material for MF/UF ceramic membrane modification for O/W 

emulsion treatment.  

Besides metal oxides, other materials, such as zeolite and activated carbon (AC), have also 

been used for ceramic membranes modification to improve their surface hydrophilicity. 

Cui et al. (2008) synthesized zeolite-NaA/Al2O3 MF membranes by an in situ 

hydrothermal method for the separation of O/W emulsion. The pore size of NaA/Al2O3 

MF membrane decreased from 2.1 µm to 1.2 µm, leading to a higher oil rejection than that 

of the original support. Meanwhile, the modified membrane consistently kept a higher 

permeate flux. This was explained by the following two reasons. Firstly, water can be 

transported through both inter-particle membrane pores and intra-particle zeolite pores, 

which enhances the permeate flux of the membranes. Secondly, the hydrophilic nature of 

zeolite prevents the adsorption of oil that may result in membrane fouling. To increase 

the permeate flux and create lower fouling of the alumina membrane, a hybrid Al2O3/AC 

membrane was developed by mixing alumina powder and powdered activated carbon 

(PAC) sintered at 1150 °C under vacuum. The incorporation of PAC into the Al2O3 matrix 

created a more hydrophilic surface (Kayvani Fard et al., 2018a).  
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Due to the functional groups such as carboxyl, epoxy, and hydroxyl groups in graphene 

oxide (GO), a GO modified membrane is highly hydrophilic in water (Hu et al., 2015; Lee 

et al., 2013; Lou et al., 2014). Hu et al. (2015) prepared GO membranes on a commercial 

Al2O3 support and compared the performance of membranes before and after 

modification for filtration of O/W emulsion. The flux of the GO membrane was about 27.8% 

higher than that of the unmodified membrane at the same pressure and lower oil content 

in the permeate was observed.  

Superhydrophilic ceramic membrane  

A superhydrophilic (water contact angle < 5°) and underwater superoleophobic (oil 

contact angle > 150°) membrane surface is proven to be more effective to mitigate 

membrane fouling by hydrophobic oil droplets (Chen et al., 2016b). It is known that the 

fish scales can be protected from oil contamination in water and it was found that these 

surfaces have a superhydrophilic and underwater superoleophobic property (de Leon 

and Advincula, 2014; Liu et al., 2009). Learning from these studies, many new materials 

with the same characteristics have been developed via surface engineering to broaden 

their applications in various fields. The hydrophilicity of a solid surface is governed by its 

surface free energy (chemical composition) and surface morphology (hierarchical 

structure) (Zhu et al., 2014). Thus, to achieve a superhydrophilic property, a surface with 

hierarchical macro/nanostructures and hydrophilic chemical components is necessary 

(Wei et al., 2018). A membrane surface with such properties has also been developed and 

studied for O/W separation, where water tends to permeate through the membrane while 

oil is repelled (Ge et al., 2018; Shi et al., 2016; Wu et al., 2018; Zhang et al., 2018b).  

Chen et al. (2016b) developed an all-inorganic ceramic membrane with superhydrophilic 

and underwater superoleophobic properties via dip-coating of silica nanoparticles. The 

results showed that the membrane displayed a higher anti-fouling ability with high oil 

rejection (> 99.95%). In addition, the membrane was considered to have a longer service 

life and stronger anti-fouling ability than general polymeric membranes and traditional 

ceramic membranes. A superhydrophilic and underwater superoleophobic TiO2/Al2O3 

composite membrane was designed by Zhang et al. (2018a), where a closely aligned TiO2 

nanorod array was prepared on the ceramic membrane surface. Due to the 

superhydrophilicity and narrower pore sizes of the membrane, an ultra-low oil adhesion 

force (0.084 mN) was achieved and 99.1% oils could be rejected by the membrane. 

Furthermore, the membrane maintained a high-water flux of 41.8 LMH under gravity.  

Hydrophilic organic polymers with reactive groups are also used to prepare 

superhydrophilic and underwater superoleophobic ceramic membranes. Maguire-Boyle 

et al. (2017) created a superhydrophilic surface on alumina ceramic MF membranes with 

cysteic acid (HO2CCH(NH2)CH2SO3H) by chemical functionalization. The TMP was much 

lower for the modified membrane to obtain the same flux than that of the unmodified one.  
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Surface charged ceramic membrane 

Electrostatic interactions are also important for membrane rejection and fouling as it 

affects the interactions between solutes and membranes (Dickhout et al., 2017). It has 

been reported that for the rejection of oil droplets the effect of electrostatic repulsion in 

a membrane is more important than steric hindrance of the pore size for low ionic 

strength emulsions (Dickhout et al., 2017; Tian et al., 2020). The surface charge of ceramic 

membranes is highly dependent on the pH and iso-electric point (IEP) of the ceramic 

materials (Lobo et al., 2006). If the pH is above the IEP of the ceramic materials, the 

membrane surface charge will be negative, while the membrane surface is positively 

charged when the pH is below the IEP (Atallah et al., 2017). Consequently, for an anionic 

surfactant stabilized oil emulsion, repulsive and attractive forces exist between the oil 

droplets and membrane surface when pH is respectively above and below IEP 

(schematically shown in Figure 3.2). The IEP of common ceramic materials in water at 

25 °C are given in Table 3.2 below.  

 

Figure 3.2. Interaction between the oil droplets stabilized by anionic surfactant and the 

membrane at various pH values.  

Table 3.2 The IEP of common ceramic materials in the water at 25 °C (Abadikhah et al., 

2018; Atallah et al., 2017; Keramati et al., 2016; Skibinski et al., 2016).  

Ceramic materials α-Al2O3 TiO2 ZrO2 SiO2 SiC Si3N4 

IEP 8-9 3.9-8.2 4-6 1.8-2.7 2.6 3.3 
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Most metal oxides have an IEP below 7, which means that the membranes prepared by 

these metal oxides have a negative charge at neutral pH. Lobo et al. (2006) studied, 

amongst others, the influence of pH on the UF of an O/W emulsion from a metal industry. 

The active layer of the inorganic membrane consisted of TiO2 /ZrO2. Basic pHs enhanced 

membrane permeate flux, while at low pH values (pH ≤  4), the membrane surface 

became positively charged and anionic surfactants adsorbed on the membrane surface, 

causing flux decline and surfactant monomers permeation through the membrane.  

Although the IEP of SiO2 is below 3, the stability of amorphous SiO2 in water is problematic, 

which limits its applications in water treatment (Aghaeinejad-Meybodi and Ghasemzadeh, 

2017; Tsuru et al., 2001). Nevertheless, crystal SiO2, like cristobalite and quartz, is found 

to be stable in water. Al-Harbi et al. (2017) prepared silica-based cross-flow membranes 

with silica sand and glass waste as precursors for the treatment of oily wastewater. A 

cristobalite layer was obtained by controlled surface crystallization on the quartz surface. 

Although both quartz and cristobalite have a negative surface charge for pH higher than 

2, the zeta potential value of the cristobalite (e.g., -42 mV at pH 6) was nearly twice lower 

than that of the quartz (e.g., -21 mV at pH 6) and thus a higher repulsion existed between 

oil droplets (negatively charged) and the membrane surface. After filtration of oily 

wastewater, only the filters with a cristobalite layer had a high filtration capacity with a 

good recovery after backwashing.  

SiC and Si3N4 materials also have a very low IEP (close to SiO2) and high chemical stability. 

Xu et al. (2020) compared the performance of alumina and SiC hollow fibre membranes 

for MF of O/W emulsion, the results indicated that the SiC membrane had a smaller pore 

size, but gave a higher flux due to a higher hydrophilic surface. In addition, a better anti-

fouling ability was observed for the SiC membrane owing to electrostatic repulsion to oil. 

The application of asymmetric Si3N4 hollow fibre membrane for MF of O/W emulsion was 

studied by Abadikhah et al. (2018). The stable normalized permeate flux of the membrane 

increased from 0.2 to 0.34 when the pH of the feed emulsion increased from 2 to 12, due 

to the increased negative charge of Si3N4.  

Hydrophilic and surface charged ceramic membranes 

Both the surface charge and hydrophilicity of the membranes can be tailored during 

modification, depending on the used materials. To improve the permeate flux, Zhang et al. 

(2009) doped TiO2 powder to mix with Al2O3 powder to prepare a composite TiO2-Al2O3 

ceramic membrane. The doping improved the membrane hydrophilicity and shifted the 

isoelectric point towards a lower pH. A higher and more stable flux was thus observed for 

the TiO2-Al2O3 composite membrane than that of the Al2O3 membrane for separation of 

sodium dodecyl sulfate (SDS) stabilized O/W emulsion. SiC was also doped with Al2O3 

powder to prepare an Al2O3-SiC porous ceramic composite tube by extrusion. It was found 

that the negative surface charge and hydrophilicity of the membrane became stronger 

after SiC doping, and thus the SiC doped membrane demonstrated a higher permeate flux 

combined with a better fouling resistance (Jiao et al., 2019). More recently, Chen et al. 
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(2020b) prepared a low fouling silicon carbide-alumina UF membrane for oily 

wastewater filtration by low-pressure chemical vapour deposition (LPCVD). The 

membrane had a better fouling resistance compared with the pristine alumina membrane 

due to a combination of improved surface hydrophilicity and negative charge. However, 

amphoteric bitumen in produced water can have both positive and negative surface 

charges. In this case, the attraction of these foulants to the ceramic membrane surface 

should be prevented. Atallah et al. (2019b) modified the γ-Al2O3 and TiO2 ceramic 

membranes with polyethylene oxide (PEO) functional organosilanes for produced water 

treatment. The membrane became more hydrophilic but charge-neutral. In this way, the 

interaction of the amphoteric bitumen in produced water with negatively charged 

ceramic membrane surfaces was suppressed. After modification, the membranes had a 

higher permeate flux as well as a higher flux recovery upon backflushing.  

Challenges of active antifouling ceramic membranes 

The active antifouling ceramic membranes can slow down the membrane fouling process 

by minimizing the interactions between the foulants and membranes. However, an 

additional mass transfer resistance is usually introduced due to either an increase of 

membrane top layer thickness or a decrease of membrane pore sizes (Gu et al., 2021). The 

decrease of membrane pore size can improve membrane selectivity and potentially 

prevent the occurrence of internal fouling, while a reduction of pure water permeance is 

commonly observed for the membranes after modifications (Gu et al., 2021). To overcome 

this trade-off, a thin layer of highly hydrophilic polymers or nano-sized metal oxides is 

preferred to be used for ceramic membrane modifications to avoid the loss of water flux 

(Geise et al., 2010). In this regard, a high mechanical and chemical stability of the coated 

layer should be guaranteed to extend their lifetime (Geise et al., 2010). In addition, 

confined surface deposition (deposition mainly on the membrane surface) was found to 

be effective to improve ceramic membrane fouling resistance with a minor effect on water 

permeance (Gu et al., 2020).  

Furthermore, the surface roughness is affected during modification. The increase of 

surface roughness can increase water flux due to a larger effective filtration area, but may 

lead to a higher fouling potential (Gu et al., 2021). However, regularly surface-patterned 

ceramic membranes, inducing turbulence of fluid on the membrane surface, are 

considered to increase both the flux and fouling resistance simultaneously (Tsai et al., 

2019). These ceramic membranes prepared via the 3D printing technique is promising 

for wastewater treatment (Lyu et al., 2020), which may be an option for oily wastewater 

treatment. 
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3.3.2. Passive antifouling ceramic membranes 

Photocatalytic ceramic membrane  

 

Figure 3.3. Schematic diagram depicting mechanisms that organic pollutants degradation on the 

photocatalytic ceramic membrane surface.  

Photodegradation of organic compounds present in water and wastewaters with the 

application of a photocatalyst has been widely studied in literature (Mozia, 2010). The 

most suitable photocatalysts are typically made of some polycrystalline semiconductor 

solids such as TiO2, ZnO, SrTiO3, RuO2, and CdS. In particular, crystal TiO2 (anatase) has 

widely been used because of its low costs and high photostability (Molinari et al., 2001). 

The mechanism of the photocatalytic ceramic membrane to degrade organic pollutants 

can be explained with the schematic diagram shown in Figure 3.3. When the photocatalyst 

is irradiated by light (Ultraviolet (UV) or Visible), pairs of electrons and holes are excited, 

due to the adsorption of photons in the material. Then the photo-generated electrons can 

produce active radicals like ·O2- and ·OH by reacting with O2 and H2O, respectively (Kumar 

and Chowdhury, 2020). Those active species decompose organic pollutants to 

intermediates, CO2, H2O and mineral salts due to the oxidizing and reducing power (Sakka, 

2013).  

The performance of photocatalytic mesoporous alumina membranes was tested by Azmi 

et al. (2019) for oil emulsion separation. The photocatalyst (copper-doped ceria) was 

deposited on the alumina support by a sol-gel method. Under UV irradiation, an increase 

in the permeance, from 36 to 1422 LMH, was observed in the separation of 1000 ppm oil 

emulsion. The dosage of photocatalyst on the membrane surface is quite crucial as a too 

low dosage of photocatalyst leads to a lower photodegradation performance, while a high 

dosage may cause pore blockage of the membrane. In order to address this issue, Alias et 

al. (2019) developed a photocatalytic nanofiber-coated (graphitic carbon nitride (g-C3N4)) 

ceramic membrane via electrospinning to prevent pore blockage by the photocatalysts. 

With the assistance of UV irradiation, a permeate flux of 640 LMH and an oil rejection of 

99% were found for 180 min cross-flow oily wastewater filtration at 2 bar. Even after 
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three cycles of 180 min filtration, the membrane could still maintain a permeate flux of 

577 LMH and an oil rejection of 97%.  

One of the main challenges of the photocatalytic ceramic membrane is how to illuminate 

the membrane surface with UV light once the membrane surface is covered with 

pollutants. Therefore, most studies use a flat membrane at a laboratory scale. For a single 

tubular membrane, the photocatalyst can be deposited on the permeate side (support 

layer) to be able to be illuminated by UV light (Starr et al., 2016). For both cases, a light 

transmission material (e.g., quartz) needs to be used as membrane housing. In addition, 

the possibility of catalyst deactivation and loss during long-term filtration is problematic. 

The full-scale application of monolithic shaped ceramic membranes coupled with a 

photocatalyst is therefore still not practically feasible (Nyamutswa et al., 2020).  

Piezoelectric ceramic membrane  

The concept of piezoelectric porous membranes for oily wastewater treatment is 

relatively new. These membranes can control membrane fouling by applying an 

alternating voltage on both sides of the membrane to generate in situ vibration from 

within the membrane, realizing the self-cleaning ability (Mao et al., 2019). In addition, the 

investment and operation costs of this membrane are supposed to be lower as compared 

with the traditional membrane combined with physical and chemical cleaning (Mao et al., 

2020). A schematic diagram to show the membrane module incorporating the 

piezoelectric membrane and its anti-fouling performance is presented in Figure 3.4. The 

anti-fouling performance can be ascribed to vibrations and cavitation generated by the 

ultrasound, which prevent cake-layer formation and pollutant accumulation (Mao et al., 

2018).  

 

Figure 3.4. Schematic of the self-cleaning mechanism of the piezoelectric membrane. The 

membrane can create in-situ ultrasound to remove the pollutants deposited on the surface.  

The first application of piezoelectric ceramic membranes for O/W emulsion separation 

was studied by Mao et al. (2018). Lead zirconate titanate (PZT) was used to prepare a 
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porous ceramic membrane because of its high piezoelectric and stable porous properties. 

The membrane possessed the strongest vibration with an alternating voltage signal at 190 

kHz and preserved a maximum steady flux of approximately 71% of its initial value. A 

positive correlation with the alternate voltage amplitude and the stationary relative flux 

was observed for the membrane. For the studied oil concentrations (200 to 5000 ppm), 

the membrane with pulsed voltage always had a higher normalized stable permeance 

than the one without voltage applied. In addition, oil rejection by this membrane could be 

higher than 95%. In a following study by the same group, an Al2O3 MF membrane was 

prepared by dip-coating of the α-Al2O3 dispersion on the PZT ceramic substrate. The 

membrane had a water permeance of 220 LMH/bar with an average pore size of 100 nm. 

With in-situ ultrasound generation during the filtration process, the stable permeate flux 

of the membrane improved by 48% as compared with the situation without ultrasound 

generation (Mao et al., 2020). In addition, an oil rejection higher than 99.5% was observed, 

which was higher than that of the piezoelectric membrane in the previous study (Mao et 

al., 2018).  

Electrochemically enhanced ceramic membrane  

Electrochemically enhanced filtration is also a new technology for membrane fouling 

mitigation (Fan et al., 2015). Unlike the piezoelectric membrane, the fouling mitigation of 

electrochemically enhanced ceramic membranes is realized via either charge inversion or 

electrochemical oxidation. Most foulants are charged in the wastewaters and O/W 

emulsion is one of the examples. To better show this filtration process, a schematic 

diagram is presented in Figure 3.5. By applying an electric field, charged particles are 

moved away from the membrane surface with the same charge as to the particles. In this 

way, the foulants such as charged oil droplets could be prevented from forming a fouling 

layer on the membrane surface. Alternatively, a positive charge can be applied on the 

conductive membrane to induce the electrosorption of negatively charged substances to 

improve their rejection. Afterwards, the desorption of the negatively charged substances 

is achieved by changing the potential periodically (Mantel et al., 2021). In addition, 

electrochemical reactions at the membrane surface usually occur in the electrically-

assisted filtration process for electrified membranes. As a result, organic matter in the 

feed can be removed via the electro-oxidation process or oxidized by strong oxidizing 

intermediates such as ·OH, HO2· and H2O2 produced via directly oxidizing water molecules 

with the membrane as an anode. In this way, the organic fouling layer on the membrane 

surface or in the pores can be decomposed into intermediates, CO2 and H2O, therefore, the 

membrane performance can be recovered (Yang et al., 2011b).  
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Figure 3.5. Schematic diagram of the electrochemically assisted membrane filtration process.  

Geng and Chen (2016) studied the anti-fouling performance of tubular Al2O3 ceramic 

membrane after coating a layer of Magnéli Ti4O7 coupled with external electricity. The 

results showed that the permeate flux and oil rejection of the modified membrane were 

considerably improved when the electric field was applied. Moreover, the modified 

membranes could maintain 91.8% of their initial specific permeate flux under the applied 

potential of 40 V during 1 h operation. Due to the higher permeate flux and less pumping 

energy, the total energy consumption of electrically assisted filtration of oily wastewater 

decreased by 58% as compared with the pristine membrane in terms of kWh·m-3 

permeate, even though additional DC power supply was provided. Yang et. al (2015) 

deposited a layer of 1D IrO2 nanorods on an Al2O3 ceramic membrane via a dip-coating 

and thermal decomposition method. Due to the effect of electrochemical reactions and 

electrophoresis during the filtration process, the modified membrane showed a slower 

decline rate of permeate flux and fouling could also be minimized. In addition to flux 

enhancement, an increase in organic matter rejection was also achieved due to the 

electrochemical reactions. However, the electrophoresis effect was found to be more 

effective than the electrochemical effect, not only for membrane fouling control, but also 

for membrane cleaning.  

Despite that the electrified (piezoelectric and electrochemically enhanced) ceramic 

membrane shows promising results in fouling control and oil rejection, this technology 

still faces some challenges. Firstly, the materials used to fabricate the membrane need 

either a high electrical conductivity or a piezoelectric property. Secondly, it is quite 

difficult to effectively incorporate the electrified ceramic membranes and counter 

electrodes into a standard membrane module. In addition, at a larger system scale, to 

ensure a sufficiently high charge density across the membrane surface, higher potentials 

would be required to achieve a good filtration performance. However, this needs more 

corrosion resistant counter electrodes and leads to a higher energy consumption (Zhu 

and Jassby, 2019).  
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3.3.3. Comparison of the performance of antifouling ceramic membranes for oily 

wastewater treatment   

In Table 3.3, novel ceramic membranes and ceramic membranes modified with different 

materials and methods are compared for oily wastewater treatment. Because the feed 

characteristics and operational parameters are varied in literature, the performance of 

the membranes could have been influenced. Therefore, we only give a general impression 

on the performance of the modified ceramic membranes for oily wastewater treatment.  

Considering permeate flux, oil rejection and fouling resistance, modification can 

effectively improve ceramic membrane performance. In terms of flux enhancement, the 

coating with nano-sized metal oxides (γ-Al2O3, TiO2, ZrO2 and Fe2O3) is effective in 

increasing the permeate flux of α-Al2O3 membranes due to the enhanced surface 

hydrophilicity (Chang et al., 2010b; Chang et al., 2014; Zhou et al., 2010). In addition, the 

permeate flux of e.g., α-Al2O3 membranes could be further enhanced by GO coating. As a 

2D coating material, GO has an atomic thickness with a hydrophilic property, making it a 

potential building block for membrane modification with a “water favoured” surface 

(Huang et al., 2015). Catalytic ceramic membranes (photocatalytic and electrified 

membranes) have a relatively higher flux than the modified membranes with only 

improved surface hydrophilicity. The organic matter can be degraded by the radicals 

excited by the catalyst, thereby suppressing the deposition of oil droplets on the 

membrane surface.  

Because O/W emulsion normally has a droplet size distribution in the range of 1-10 µm 

(Chang et al., 2014; Hu et al., 2015), a high oil rejection has been found for most of the 

ceramic MF/UF membranes. As oil droplets are deformable, their shape and sizes can be 

changed depending on the operational parameters, thereby affecting the rejection 

(Abadikhah et al., 2018). The GO, Ti4O7 and g-C3N4 modified α-Al2O3 membranes are 

observed to have both a high oil rejection and a high permeate flux. Although the carbon 

nanotube (CNT) modified ceramic membrane have a very high rejection of oil droplets 

from the emulsion, it gives the lowest permeance, compared with the membrane 

modification with other materials.   

TiO2, ZrO2 and Fe2O3 modified ceramic membranes have shown the lowest fouling among 

the nano-sized metal oxides. These metal oxides can both improve surface hydrophilicity 

and create a lower negative charged surface. Therefore, oil droplets are repelled from the 

membrane surface. GO modified ceramic membrane has a higher flux decline than metal 

oxides modified membranes, possibly due to its higher flux and longer filtration time. 

Membranes with a high initial flux are more prone to pore blocking and constriction (Zhu 

et al., 2017). The passive antifouling ceramic membranes, such as photocatalytic, 

electrified membranes, are all found to be effective for fouling alleviation. The oil droplets 

can be prevented from depositing on these membrane surfaces via charge inversion or 

degradation by radicals or in situ generated ultrasound.  
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Table 3.3. Comparison of the performance of antifouling ceramic membranes for oily wastewater treatment.  

Membrane Configuration Method Function 
Pore 
size 

(µm) 
Cf (mg/L) 

NFi 
(LMH/bar) 

NFs 

(LMH/bar) 
Rd (%) 

FD 
(%) 

FT 
(min) 

Refs 

Fe2O3/ ZrO2 
Disc,  

D = 47 mm  

Pulsed-laser 
deposition 

Hydrophilic 
50 

kDa 
Crude oil, 

100 
~ ~ 95COD 12 30 

(Lu et 
al., 

2016b) 

γ-Al2O3/α-Al2O3 
Tubular (7-

channels), OD 
= 31 mm  

Dip-coating 
Hydrophilic/ 

charge 
0.14 

Engine 
oil, 1000 

450 315 98.5 30 60 
(Chang 
et al., 

2010b) 

ZrO2/α-Al2O3 

Tubular (7-
channels), ID 
= 6 mm, OD = 

31 mm 

Dip-coating 
Hydrophilic/ 

charge 
0.2 

Engine 
oil, 1000 

316 276 97.8 12.6 100 
(Zhou 
et al., 
2010) 

TiO2/ α-Al2O3 
Tubular (19-

channels), OD 
= 31 mm 

Dip-coating 
Hydrophilic/ 

charge  
0.2 

Hydraulic 
oil, 4000 

244 213 99.75 12.5 120 
(Chang 
et al., 
2014) 

GO/Al2O3 

Tubular (19-
channels), ID 
= 3 mm, OD = 

31 mm 

Vacuum 
filtration 

Hydrophilic  0.2 
Machine 
oil, 1000 

950 728 98.7 23.3 140 
(Hu et 

al., 
2015) 
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NaA/Al2O3 
Tubular, ID = 
10 mm, OD = 

13 mm 

Hydrothermal 
synthesis 

Hydrophilic  1.2 
Lubricant 
oil, 1000 

109 60 99.5 45 50 
(Cui et 

al., 
2008) 

TiO2/Al2O3 Disc  
PVD + 

Hydrothermal 
reaction 

Super-
hydrophilic  

0.98 
Toluene,    
1/30 mL 

287 ~ 93 ~ ~ 
(Zhang 
et al., 

2018a) 

SiO2/ceramic 
mixture 

Disc  Sol-gel 
Super-

hydrophilic 
~2 

Oilfield 
water 

~ ~ 99.95 ~ ~ 
(Chen 
et al., 

2016b) 

TiO2-doped α-
Al2O3 

Tubular, ID = 
10 mm, OD = 

12 mm 

Doping + 
sintering 

Negative 
charge 

0.2 
Soybean 
oil, 5000 

705 605 ~ 14 120 
(Zhang 
et al., 
2009) 

CNT/YSZ 
Disc, 

D = 26 mm 
CVD 

Increase 
rejection  

0.7 
Blue oil 
based 

ink, 210 
36 26 100 28.6 550 

(Chen 
et al., 
2012) 

IrO2/Al2O3 ~ Dip-coating 
Electrified 

degradation 
< 1 

Peanut 
oil, 200 

414 331 96.3COD 20 160 
(Yang 
et al., 
2015) 

Ti4O7/Al2O3 
Tubular, ID = 
8 mm, OD = 

14 mm 
Dip-coating 

Electrified 
degradation 

0.2 
Peanut 
oil, 200 

1018 914 97.9COD 9.2 60 

(Geng 
and 

Chen, 
2016) 
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CuO/CeO2/ 
Al2O3 

Hollow fiber Sol-gel 
Photocatalytic 

degradation 
0.05 1000 1815 1422 92 22 240 

(Azmi 
et al., 
2019) 

g-C3N4/Al2O3 Hollow fiber 
Electro-
spinning  

Photocatalytic 
degradation 

0.25 
Crude oil, 

1000 
816 640 99TOC 21 180 

(Alias 
et al., 
2019) 

PZT 
Disc,  

D = 30 mm 
~ 

Generated 
ultrasound 

0.3 
Soybean 
oil, 500 

86 73.1 95.3TOC 15 180 
(Mao 
et al., 
2018) 

Al2O3/ PZT 
Disc, 

D = 30 mm 
Dip-coating 

Generated 
ultrasound 

0.1 
Soybean 
oil, 200 

230 185 99.5TOC 20 120 
(Mao 
et al., 
2020) 

D – diameter of disc, ID – inner diameter of tube, OD – outer diameter of tube, Cf – oil concentration in the feed, NFi – normalized initial 

flux, NFs – normalized stable flux, Rd – oil rejection, FD – flux decline percentage, FT – filtration time, ~ not reported, a – permeate volume 

(mL).   
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3.4. Concluding remarks 

Ceramic membranes are promising for oily wastewater treatment with a high oil 

removal efficacy, compact design and a small footprint. However, membrane fouling 

consistently restricts process efficacy. In this review, we have compared various 

methods that are used for ceramic membrane modification, which have been applied 

for oily wastewater treatment, as well as the performance of these ceramic 

membranes in terms of permeate flux, oil rejection and fouling resistance. The 

following conclusions can be drawn:  

- Although sol-gel and dip-coating are the most frequently used methods for 

ceramic membranes modification, the emerging modification method ALD has 

shown great potential on the control of layer thickness and pore size distribution 

of the ceramic membranes.  

- Nano-sized metal oxides have mostly been used as material for ceramic 

membrane modification for oily wastewater treatment. Among them, TiO2, ZrO2 

and Fe2O3 are considered the most promising ones to improve ceramic membrane 

performance, increasing surface hydrophilicity and/or surface charge of 

membranes. In addition, the GO modified ceramic membranes can improve 

permeate flux, oil rejection and fouling resistance at the same time. However, the 

scalability of these anti-fouling ceramic membranes is still challenging.  

- To control the fouling problems by oil droplets, also passive antifouling ceramic 

membranes have been developed, including photocatalytic, piezoelectric and 

electrochemically enhanced, modified ceramic membranes. However, the 

performance of these membranes is only tested in a controlled environment for a 

short time, making it difficult to upscale, and the appropriate materials used to 

prepare these membranes are expensive.  
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Abstract 

Silicon carbide (SiC) ceramic membranes are of particular significance for wastewater 

treatment due to their mechanical strength, chemical stability, and antifouling ability. 

Currently, the membranes are prepared by SiC-particle sintering at a high 

temperature. The production suffers from long production time and high costs. In this 

paper, we demonstrated a more economical way to produce SiC ultrafiltration 

membranes based on low-pressure chemical vapor deposition (LPCVD). SiC was 

deposited in the pores of alumina microfiltration supports using two precursors 

(SiH2Cl2 and C2H2/H2) at a relatively low temperature of 750 °C. Different deposition 

times varying from 0 to 150 min were used to tune membrane pore size. The pure 

water permeance of the membranes only decreased from 350 L m-2 h-1 bar-1 to 157 L 

m-2 h-1 bar-1 when the deposition time was increased from 0 to 120 min due to the 

narrowing of membrane pore size from 71 to 47 nm. Increasing the deposition time 

from 120 to 150 min mainly resulted in the formation of a thin, dense layer on top of 

the support instead of in the pores. Oil-in-water emulsion separation experiments 

illustrated that both the reversible and irreversible fouling of the SiC deposited UF 

membrane was considerably lower as compared to the pristine alumina support. The 

unique feature that pore sizes decrease linearly as a function of SiC deposition time 

creates opportunities to produce low-fouling SiC membranes with tuned pore sizes on 

relatively cheap support.  
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4.1. Introduction  

In recent years, ceramic membranes, especially microfiltration (MF) and 

ultrafiltration (UF), have been used for drinking water production and wastewater 

treatment (Chen et al., 2020c; Kayvani Fard et al., 2018b). The mechanical, chemical, 

and thermal stability of ceramic membranes favours their durable applications in high 

temperature and corrosive environments where polymeric membranes may not be 

applicable (Chen et al., 2017; Chen et al., 2016a). In addition, ceramic membranes can 

be chemically cleaned under extreme conditions, after severe fouling, to recover their 

performance. This can also extend their service lifetime in industrial applications (He 

and Vidic, 2016).  

Among the ceramic membranes, SiC membranes have been extensively studied for 

high-temperature and high-pressure gas-phase reactive separations, due to their 

combination of properties such as hardness, chemical resistance, low thermal 

expansion coefficient and high thermal shock resistance (Dabir et al., 2017; Kim et al., 

2017). The use of SiC membranes in water purification has been reported as well 

(Fraga et al., 2017a; He and Vidic, 2016; Hofs et al., 2011; Skibinski et al., 2016; Zsirai 

et al., 2016). It has been observed that the SiC MF membranes have high water 

permeance (de Wit et al., 2015; Eom et al., 2012; Facciotti et al., 2014) and are suitable 

for long-term applications in slightly oxidative environments such as swimming pool 

water (Skibinski et al., 2016). Moreover, due to surface characteristics that consist of 

a combination of super-hydrophilicity and a highly negative charge, SiC membranes 

exhibit lower reversible and irreversible fouling for surface water and, especially, 

produced water treatment, when compared with other ceramic and polymeric 

membranes (He and Vidic, 2016; Hofs et al., 2011).  

Pure SiC membranes have been synthesized with various methods such as liquid 

phase sintering and sintering at low-pressures (Deng et al., 2014). However, to form 

strong covalent Si-C bonds, a high sintering temperature up to 2000 °C in an argon 

atmosphere and the addition of sintering aids such as Al2O3 (Das et al., 2018; Zhou et 

al., 2011) and templates (Eom and Kim, 2008) are usually necessary for the 

production of SiC membranes (Fraga et al., 2017b; Wei et al., 2017). As a result, the 

SiC membrane production is quite costly. It is challenging to prepare thin SiC layers in 

the range of ultrafiltration (pores 2 – 100 nm) or even nanofiltration (pores 1 – 2 nm) 

by solid particle sintering, giving rise to limited use of SiC membranes in the water 

treatment field (König et al., 2014).   
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Thus, an alternative processing route to prepare SiC UF membranes at reduced 

temperatures would be required. Up to now, there are mainly two other approaches 

employed, mostly for SiC gas separation: chemical vapor deposition (CVD) /chemical 

vapor infiltration (CVI), and pyrolysis of pre-ceramic polymer precursors (Ciora et al., 

2004; Elyassi et al., 2007; Lee and Tsai, 1998; Sea et al., 1998). In CVD/CVI, 

macroporous α-alumina or SiC membranes are usually used as the supports for the 

deposition of a thick layer of SiC with one or two precursors at 700-800 °C, followed 

by a calcination process at 1000 °C in Ar (Lee and Tsai, 1998; Sea et al., 1998). Ciora 

et al. (2004) first reported the preparation of nanoporous hydrogen-selective SiC 

membranes on γ-Al2O3 tubular supports by using CVD with the two precursors tri-

isopropylsilane (TPS) and 1,3-disilabutane (DSB). Despite both precursors can 

produce nanoporous membranes, a high-temperature post-treatment was necessary 

to improve the H2 permeance and H2/H2O selectivity. In the second approach, a dip-

coating technique through the pyrolysis of allyl-hydridopolycarbosilane (AHPCS) has 

also been developed by Ciora et al. (2004). Membranes prepared by polycarbosilane 

(PCS) pyrolysis at 600 °C gave satisfactory H2 permeance despite a relatively low 

H2/N2 selectivity. However, due to the film shrinkage during the conversion of the 

polymer precursors to SiC, this method had to be repeated several times to obtain a 

defect-free film (Colombo et al., 2010; König et al., 2014). Although it is thus feasible 

with both reported methods to prepare SiC nanoporous membranes at lower 

temperatures, the prepared membranes usually have a thick SiC layer, which 

negatively affects the water permeance and, therefore, they are predominately limited 

for the purpose of gas-separation applications. More recently, Konig et al. (König et al., 

2014) developed UF SiC membranes on macroporous SiC supports by coating a 

suspension of α-SiC powder and AHPCS in n-hexane or n-hexane/n-tetradecane. The 

prepared membranes showed a defect-free mesoporous surface, but still, quite low 

water permeance (0.05–0.06 L m-2 h-1 bar-1) was observed.   

It thus remains a challenge to produce SiC UF membranes at low temperatures with 

high water permeance, especially for oil-in-water emulsion separation, which is 

usually affected by severe fouling problems when using other ceramic and polymeric 

membranes (Fraga et al., 2017b). Recent studies have shown that the fabrication of 

ultrathin SiC membranes by means of low-pressure chemical vapor deposition 

(LPCVD) is a promising platform for cell culturing (Nguyen et al., 2017). To the best of 

our knowledge, the fabrication of SiC UF membranes via LPCVD has not been realized 

yet. Therefore, in this work, LPCVD was used to deposit a thin layer of SiC in the pores 
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of commercial ceramic alumina membranes with the objective to use them for oil-in-

water emulsion filtration with reduced membrane fouling.   

4.2. Materials and methods 

4.2.1. Materials  

Commercial tubular ceramic membranes (CoorsTek, the Netherlands) with an inner 

diameter of 7 mm and an outer diameter of 10 mm were used as support for LPCVD 

deposition. These membranes are composed of a selective layer of α-alumina with a 

pore size of 100 nm (specification of the manufacturer) on macroporous α-alumina 

support. The membranes have an average pure water flux of 382 Lm-2h-1bar-1, as given 

by the manufacturer. However, great variations in actual permeance were observed 

during the tests (20 tubes). Therefore, only the membranes with similar permeance, 

being around 350 Lm-2h-1bar-1, were chosen for the LPCVD deposition.  

4.2.2. Low-pressure chemical vapor deposition  

 

Figure 4.1. Schematic of the LPCVD system used for the membrane deposition of SiC layers. 

The membrane tubes were cut into 15 cm long segments to fit the LPCVD chamber. 

The SiC layer was deposited onto the support, both on the inner and outer surface, in 

a hot-wall LPCVD furnace (Tempress Systems BV, the Netherlands), as shown in 

Figure 4.1. Dichlorosilane (SiH2Cl2) and acetylene (C2H2), diluted at 5% in hydrogen 

(H2), were used as precursors, respectively. The purging gas, employed in the system, 

was ultrapure nitrogen (N2), obtained from a liquid nitrogen source. In the reactor, 
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the support membranes were placed in the center of the chamber with their long-axis 

parallel to the precursors’ flow direction.  

The deposition parameters, temperature, and pressure were selected based on the 

study of Morana et al. (2013) on wafers, to obtain a thin and continuous amorphous 

SiC layer on the membrane surface. Therefore, the depositions were performed at a 

temperature of 750 °C and pressure of 80 Pa. In addition, a gas flow ratio (SiH2Cl2 to 

C2H2) of 3 with a total gas flow of 500 sccm was chosen, while the deposition time was 

varied between 0 and 150 min to tune layer thickness and membrane pore size. In 

order to simplify the sample names, all samples are labeled as Dx, where x represents 

the deposition time (x = 0, 60, 90, 120, and 150 min).  

During the deposition, silicon wafers with a diameter of 100 mm and a thickness of 

525 (±25) µm were placed next to the membranes to monitor the deposited layer 

thickness. The layer thickness was later determined by an ellipsometer (M-2000UI, 

J.A.Woollam Co. Inc., USA), based on the change of the light polarization principle 

(Shang et al., 2017). Additionally, the growth rate of the SiC layer, obtained through 

linear regression between layer thickness and the deposition time, was used to 

estimate the rate of pore size change of the membrane.  

4.2.3. Membrane characterization 

The morphology of the pristine alumina and LPCVD modified SiC membranes were 

observed by scanning electron microscopy (SEM, FEI Nova NanoSEM 450, USA). The 

Si/Al intensity ratios of the samples were determined using energy dispersive X-ray 

(EDX) analyzer (Ametek EDAXTSL) at 10 kV accelerating voltage, which is coupled in 

an SEM-EDX system. Prior to observation, membrane samples were sputtered with a 

thin layer of gold to increase sample conductivity, which is necessary to obtain a clear 

image. The average pore size and pore size distribution of the membranes were 

measured by capillary flow porometry (Porolux 500, IBFT GmbH, Germany). FC43 

(Benelux Scientific B.V., the Netherlands) was used as the wetting agent for porometry 

measurements, and the flow and feed pressure were recorded in time. The pore size 

and pore size distribution were then calculated using the Young-Laplace equation 

(Shang et al., 2015):  

                       D = 
4𝛾∙𝑐𝑜𝑠𝜃∙𝑆𝐹

𝑃
                  (1) 
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where D is the pore diameter of the membrane (m), γ is the surface tension of the 

wetting liquid (N/m), θ is the contact angle of the liquid on the membrane surface (0°), 

P is the used pressure (bar), and SF is the shape factor (SF = 1).   

The water flux of the membrane before and after deposition was examined, filtering 

demineralized water at a constant transmembrane pressure (TMP) of 1.5 bar. 

Membrane fluxes and the water temperature were monitored every 30 s. In order to 

compare the membrane water permeance, all membrane permeance were corrected 

to the equivalent at 20 °C using the following equation (2) (Shang et al., 2017):  

                                                      Lp,20 °C = 
𝐽∙𝑒−0.0239∙(𝑇−20)

∆𝑃
                     (2) 

where Lp,20 °C is the permeance at 20 °C (L m-2 h-1 bar-1), J is the measured membrane 

flux (L m-2 h-1), ΔP is the measured TMP (bar), T is the temperature of water (°C).  

4.2.4. Oil-in-water emulsion preparation 

To ensure that all oil-in-water emulsions had the same characteristics during all 

experiments, a stock emulsion was prepared, which was then diluted to the desired 

oil concentration. The stock emulsion was prepared by mixing 3 mL mineral oil 

(330760, Sigma-Aldrich) and 0.6 g sodium dodecyl sulphate (SDS) (Sigma-Aldrich) 

with 2 L of demineralized water. We chose mineral oil to prepare the emulsion 

because its properties are very similar to those of crude oil. This stock emulsion was 

continuously stirred with a magnetic stirrer (L23, LABINCO, the Netherlands) at a 

speed of 1500 rpm for 24 h and then ultrasonicated (521, Bransonic, US) for 2 h until 

it appeared milky white. The emulsion did not segregate for 3 days, indicating good 

stability and homogeneity. Afterward, the emulsion was diluted to 6 L with a 

concentration of 400 mg L-1 for the filtration experiments. The used oil concentration 

was in the normal range typically observed in oily wastewater (Ahmad et al., 2018). 

The emulsion has a pH of around 5.6 measured by a pH sensor (inoLab™ Multi 9420 - 

WTW). The oil droplet size distribution was analyzed with a particle size analyzer 

(Bluewave, Microtrac, USA), and the average oil droplet size of the emulsion was 2 µm 

(Figure S4.1, supplementary information).  
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4.2.5. Constant flux crossflow fouling experiments with backwash 

 

Figure 4.2. Schematic view of the filtration set-up. During the experiment, the feed pump was 

always at a flow of 0.3 L/h, the effective filtration area of the membrane is 0.003 m2 and the 

membrane had a constant flux of 100 L m-2 h-1. The function of each numbered valve was 

explained in supplementary information (Table S4.1).  

The membrane filtration set-up with backwash was designed for constant flux 

experiments (Figure 4.2). The system contained a feed pump (DDA12-10, Grundfos, 

Denmark) to dose the emulsion into the circulation loop and to control the permeate 

flux, and a circulation pump (VerderGear, Verder B.V., the Netherlands) to provide a 

fixed crossflow velocity of 0.44 m/s, monitored by a flow meter (YF-S402, Zhongjiang 

energy-efficient electronics co., Itd., China). A backwashing vessel, filled with 

demineralized water, was connected to a compressed air system, and a fixed pressure 

of 3 bar was set for backwashing. Two high-precision pressure transducers (GS4200-

USB, ESI, UK) were installed on the two sides of the membrane module to monitor the 

pressure variations. Since the pressure of the permeate stream was equal to 

atmospherical, the pressure exhibited by the pressure transducers was TMP. A digital 

balance (KERN EWJ 600, Germany) was used to measure the permeate flux in case 

there was a difference with the feed pump flow. During the experiments, the pressure, 

temperature and flow were continuously logged at a time interval of 30 s.  
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The pristine (D0) and modified (D120) membranes were tested separately with the 

above mentioned constant flux filtration set-up to compare the membrane fouling 

resistance before and after deposition. A new membrane was used for each test. The 

oil-in-water emulsion was used as a model foulant in this study. All filtration 

experiments were done at room temperature (22 °C) and carried out in duplicate. 

Prior to each filtration experiment, the membranes were immersed in demineralized 

water overnight to wet all the pores. The set-up was thoroughly flushed with 

demineralized water to remove residual chemicals and air in the system. Afterward, 

the initial permeance of each membrane was determined with demineralized water 

at a constant flux of 100 L m-2 h-1 for 10 min. Each fouling experiment consisted of 7 

cycles, and each cycle was composed of three phases in the following order: 1) 

Filtration of oil-in-water emulsion at a constant flux of 100 L m-2 h-1 for 18 min, 2) 

Backwashing the membrane module with demineralized water at a fixed pressure of 

3 bar for 30 s to remove the hydraulically reversible fouling, 3) Forward flush with 

feed for 15 s at a crossflow velocity of 0.44 m/s. The purpose of the forward flush is to 

purge the membrane module to remove the backwash remaining liquids and replace 

the solution in the loop with the fresh feed. The explanation to choose a constant flux 

of 100 L m-2 h-1, filtration time of 18 min and a crossflow velocity of 0.44 m/s is given 

in the supporting information (Figure S4.2 and Figure S4.3). The filtration-backwash-

forward flush phase is shown in Table S4.1.  

During the constant flux filtration experiment, the TMP increases in time due to 

membrane fouling by oil droplets. In order to better compare the membrane 

performance before and after deposition, the TMP and permeance (P) of the 

membranes during filtration were normalized to the initial TMP0 and P0, which were 

measured by filtering demineralized water.  

The membrane resistance was calculated based on the resistance-in-series model 

(Huang et al., 2017; Xing et al., 2019), as shown in Eq. (3): 

                  Rt = 
𝑇𝑀𝑃

𝜇𝐽
 = Rm + Rr + Rir                         (3) 

where J is the membrane flux (m/s), TMP is the applied trans-membrane pressure 

(Pa), μ is the viscosity of the permeate (Pa·s), Rt (m-1) represents the total resistance, 

which is consist of intrinsic membrane resistance (Rm), hydraulically reversible 

resistance (Rr), and irreversible unphysical removable resistance (Rir). Rm was 

determined through the filtration of demineralized water and Rt was measured 
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according to the final filtration pressure of wastewater. The fouled membrane was 

backwashed with demineralized water under a pressure of 3 bar and then Rr was 

measured. The Rir was calculated from Rt - Rr - Rm.  

4.3. Results and discussion  

4.3.1. Thickness and growth kinetics of SiC layers on a silicon wafer 

The growth rate of the SiC layer in the pores of the porous ceramic membrane could 

not be measured directly. To have an indication of the growth rate, silicon wafers were 

used as substrates to measure the SiC layer thickness with ellipsometry. The results 

(Figure 4.3) show a linear relationship between the deposition time and SiC layer 

thickness. The growth rate is determined from the slope of the linear regression and 

is 0.3 nm/min.  

 

Figure 4.3. Correlation between the thickness of the deposited SiC layer and deposition time 

onto a silicon wafer. 

Wang and Tsai (2000) also studied the SiC deposition with LPCVD at 750 °C and 

observed a growth rate of 0.87 nm/min, which is higher than the one we found, 

probably due to the higher pressure in the reaction system they used. The growth rate 

we found was also much lower than that of plasma-enhanced chemical vapor 

deposition (PECVD), though deposited at much lower temperatures (200-400 °C) 

(Iliescu et al., 2008a; Iliescu et al., 2008b). However, a lower growth rate could lead to 

better control of the film thickness on the target substrates, which is especially 
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important for membrane modification, where uniform deposition into pores is of 

importance (Lee and Tsai, 1998).  

4.3.2. Morphological evolution of membranes under various deposition times 

The cross-section structure of the pristine membrane was analyzed using a scanning 

electron microscope. The separation layer of the membranes had a thickness of 

around 25 µm as clearly observed in Figure 4.4, but variations from 21 to 25 µm were 

found for the various samples (Figure S4.4).  

 

Figure 4.4. SEM images of the cross-section of the pristine alumina membrane. 

In Figure 4.5, SiC deposited tubes with various deposition times and one pristine 

alumina tube are depicted, showing a change of color from white to brown and black 

after increasing SiC deposition time. Black is a typical color for a SiC membrane, 

indicating that the alumina membrane samples were deposited with a homogeneous 

layer of SiC after around 90 min. Also the inside of the tubes, deposition time 90 min 

or longer, were examined after breaking, and display uniform colored black surface as 

well. The inside of the deposited tube’s wall, though, was white, indicating that the 

deposition penetrated only a small part of the alumina tube’s wall (see lower right in 

Figure 4.5).  
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Figure 4.5. Photos of the pristine membrane and LPCVD-deposited membranes. 

The surface morphologies of the pristine and deposited alumina membranes were 

further investigated by SEM observations. In Figure 4.6, surface SEM images of the 

pristine ceramic membrane and SiC deposited ceramic membranes (different 

deposition times) are shown. The images demonstrate that no continuous SiC layer is 

deposited on top of the support membrane’s surface but the SiC is mainly deposited 

in the pores. It also shows that prolongation of the deposition time, from 60 to 150 

min, results in a considerable decrease in pore size.  

 

Figure 4.6. Surface SEM images of (a) the pristine ceramic membrane (D0), and SiC-modified 

ceramic membranes with increasing deposition times: (b) D60, (c) D90, (d) D120, (e) D150. 

In addition, longer deposition times allow the precursors, dichlorosilane and 

acetylene, to diffuse more in-depth into the support. To study the effect of the 

penetration of the precursors on the membrane’s morphology, cross-sectional SEM 

pictures of the membranes were made. From Figure 4.7C it can be observed that after 



▪ Chapter 4 

87 

 

90 min a SiC layer started to be formed on top of the top layer, while after 150 min, it 

appeared to cover the entire top layer.  

SEM-EDS line scans were made to provide elemental identification of the SiC 

deposition in the pores. The results are depicted in Figure 4.7F, showing the Si/Al 

intensity ratios of the different SiC deposited membranes as a function of the distance 

from the membrane surface. In the first 90 min the gas diffuses around 10 µm into the 

top layer of the support and after 120 min SiC was deposited in the pores of the entire 

support’s top layer. It looks like there is less infiltration after 150 min as compared to 

120 min. This could be caused by a variation in the thickness of the top layer. Figure 

S4.4 shows that the supports’ top layer varied between 21-25 µm so it means that after 

120 min SiC is already deposited in the pores of the entire top layer. In the initial 

period of LPCVD deposition (0-120 min), the pores among particles were large enough 

to allow rapid and unlimited diffusion of precursors into the pores, and sufficient 

adsorption and reaction happened on the particle surface. With further increase of the 

deposition time, the diffusion of the precursors into the pores would be restricted due 

to the narrowing pore mouth. Thus, the deposition rate of SiC layer inside the pores 

reduced after 120 min. As a result, deposition mainly happened on the top surface and 

resulted in the addition of a new, dense thin film. Similar profiles have been observed 

by Dendooven et al. (2010) and Gordon et al. (2003). Overall, these above-mentioned 

discussions revealed that the LPCVD is an effective conformal deposition technique 

over complex three-dimensional structures like the tubular membranes used in our 

work.   
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Figure 4.7. The cross-sectional SEM image and of the pristine and LPCVD modified 

membranes: D0 (A), D60 (B), D90 (C), D120 (D), D150 (E) and corresponding line-scan EDS 

spectra (F). All images have the same magnification and the scale bar is shown in E.  

4.3.3. Effect of LPCVD deposition on pure water flux and membrane pore size 

Pure water permeance tests were conducted on both the pristine membranes and the 

LPCVD modified membranes after different deposition times. The results of the pure 

water permeance test are displayed in Figure 4.8a. The permeance of the membranes 

decreased linearly from 350 Lm-2h-1bar-1 to 157 Lm-2h-1bar-1 when the deposition time 

was increased from 0 min to 120 min. After 120 min the decline in permeance was 

lower.  

Pore size measurements of the pristine alumina membrane and the LPCVD deposited 

membranes were performed and the results are shown in Figure 4.8b. The alumina 

membrane, black line in Figure 4.8b, had a broad pore size distribution, and contained 

pores between 40-80 nm with an average of 71 nm. Compared to the pristine 

membrane, the deposited membranes had a narrower pore size distribution and 

smaller average pore sizes. A substantial decline in pore size was observed with 

increased deposition time, from 71 nm to 43 nm after 150 min of SiC deposition. 

Figure 4.8c demonstrates that the pore diameter decline was linear except the pore 

size measured after 60 min of deposition, where a slight deviation from the line can 

be observed. The phenomenon of the linear permeance and pore size decline has also 

been described in previous studies (Lee and Tsai, 1998; Lin and Burggraaf, 1993), 

where CVD was used to modify the membranes. As the water permeance decreased 
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with the same slope, we assume that something went wrong during the pore size 

measurement of the tube with a deposition time of 60 min.  

 

Figure 4.8. (a) Pure water permeance and (b) pore size distribution of pristine membrane and 

LPCVD modified membranes; (c) linear fit of pore size variations with deposition time (D60 

is not included).  

4.3.4. Filtration of an oil-in-water emulsion  

The SiC deposited membrane with 120 min deposition time (D120) and the pristine 

alumina membrane (D0) were compared with respect to the filtration of an oil-in-

water emulsion. The initial permeance of both membranes for emulsion filtration 

were close to their pure water permeance, indicating the membranes were not fouled 

at the initial stage (Figure S4.5). To better compare the membrane performance, we 

normalized the TMP and permeance. In Figure 4.9a the normalized TMP is visualized 

as a function of the filtration time, showing a fast increase in the relative TMP of both 

D0 and D120 during one filtration cycle, indicating that considerable fouling occurred 

in both membranes. However, the pristine alumina membrane maintained a high TMP 

increase rate during all filtration cycles. In contrast, a much slower TMP increase was 
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observed for the SiC deposited membrane with 120 min deposition time. The final 

relative TMP of D0 was more than 1.5 times higher than that of D120, suggesting 

fouling was much less after modification.  

 

Figure 4.9. (a) Normalized TMP, (b) normalized permeance, and (c) fouling resistance of D0 

and D120 for oil-in-water emulsion filtration.   

At the end of each cycle, the membranes were hydraulically backwashed with 

demineralized water before starting the next filtration cycle. It was found that the 

permeance of both membranes (Figure 4.9b) was only slightly reduced after the first 

backwashing, indicating the reversible fouling was mainly responsible for the 

permeance loss. The gradual development of irreversible fouling was observed for 

both membranes during subsequent filtration cycles. To further reveal the influence 

of the SiC deposited layer on fouling mitigation, the resistance distribution during the 

filtration process was analyzed. Figure 4.9c shows the reversible and irreversible 

fouling resistance for both membranes during the entire filtration process. Both the 

reversible and irreversible fouling resistance of D120 was smaller than that of D0, 

indicating that the SiC deposited layer mitigated the membrane fouling during oil-in-

water emulsion filtration. Based on the above discussions, it can be concluded that the 

SiC deposited membrane was less prone to fouling as compared to the pristine 

membrane for oil-in-water emulsion filtration.  

The pore sizes of D0 and D120 are much smaller than the average size of the oil 

droplets. Therefore, it is assumed that the surface properties of the SiC deposited layer 

are the most important in avoiding fouling. Previous studies also showed that SiC 

membranes have a low fouling tendency as compared to other ceramic and polymeric 

membranes, which is closely related to super hydrophilicity (Hofs et al., 2011) and the 

low iso-electric point (pH 2.8) of SiC (Skibinski et al., 2016). The pristine alumina 

membrane has a relatively high iso-electric point which is about 9 (Atallah et al., 2017). 

The emulsion used in this study had a pH of 5.6, which means that the modified 
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membrane surface was negatively charged while the pristine membrane had a 

positive surface charge during the filtration process. The emulsion also had a highly 

negative charge due to the negative charge of the surfactant (SDS) surrounding the oil 

droplet (Lin and Rutledge, 2018). Therefore, electrostatic-interaction would be 

different for the two membranes, and the SiC layer of the modified membrane would 

protect the membrane from adsorbing or depositing oil droplets not only due to the 

hydrophilic characteristics of the surface, but also because of electrostatic repulsion 

forces between the membrane surface and oil droplets. In contrast, electrostatic 

adhesion could happen on alumina membrane surface due to the opposite charge 

between membrane surface and oil droplets which would accelerate membrane 

fouling.  

 

4.4. Conclusion 

In this work, tubular SiC UF membranes with pore sizes between 43-55 nm were 

manufactured on an alumina supporting tube via low-pressure chemical vapor 

deposition, a straightforward and more economical method to produce SiC UF 

membranes (see cost analysis in S4.5, supplementary information). Pure water 

permeance of the modified membranes decreased linearly until a deposition time 

of 120 min from 350 Lm-2h-1bar-1 to 157 Lm-2h-1bar-1. Pore size measurements also 

depict a linear decline in pore size with increasing deposition time (confirmed by 

SEM images). Deposition times longer than 120 min mainly resulted in the 

addition of a thin, dense selective layer on top of the support. The developed SiC-

deposited UF membranes show a low fouling characteristic and a small permeance 

loss during oil-in-water emulsion filtration, probably due to a combination of 

hydrophilic and charge interactions. These findings create opportunities to 

produce low fouling SiC membranes with tuned pore sizes on relatively cheap 

support.  
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Supplementary information  

S4.1. Oil droplet size distribution  

 

Figure S4.1. Oil droplet size distributions of the emulsions before and after filtration by a 

membrane.  

S4.2. Determine suitable filtration parameters  

In this study, the flux of 100 LMH, permeation time 18 min and crossflow velocity 0.44 

m/s were chosen based on the following reason. Firstly, we used a pristine alumina 

membrane to filter the oil emulsion at a constant flux of 80 LMH in dead-end mode 

(Fig. S2a), serious fouling was observed in 20 min. Due to the rapid increase in 

transmembrane pressure (TMP), the flux could not be maintained constant. Therefore, 

we provided a crossflow velocity to diminish membrane fouling. A crossflow velocity 

of 0.44 m/s could effectively reduce the fouling. The result was illustrated in Fig. S2b, 

as the TMP of the membrane only increased lightly in 40 min. For the multi-cycle 

filtration experiment, we wanted to reduce the filtration time of each cycle. Therefore, 

we increased the permeate flux to 100 LMH, and a higher fouling rate was observed 

than that at a flux of 80 LMH in 18 min. After 18 min, faster fouling of the membrane 

occurred, leading to a decrease of the permeate flux (Fig. S3). Therefore, we stopped 

the filtration experiment at 18 min and backwashed the membrane to recover the 

membrane performance.  
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Figure S4.2. Oil-in-water emulsion filtration at a constant flux of 80 LMH by pristine alumina 

ceramic membrane with (b) and without (a) crossflow velocity. The emulsion had an oil 

concentration of 400 mg L-1 and pH of 5.6. The crossflow velocity was set to 0.44 m/s.  

 

Figure S4.3. Oil-in-water emulsion filtration at a constant flux of 100 LMH by pristine alumina 

ceramic membrane with a crossflow velocity of 0.44 m/s. The emulsion had an oil 

concentration of 400 mg L-1 and pH of 5.6.  

Table S4.1. Operational phases of membrane setup.  

Phase  Valve 1 Valve 2 Valve 3 Valve 4 Valve 5 
Circulation 

pump 

Filtration Close  Open Close Close Open On  

Backwash Open Close  Close  Open  Open  Off  

Forward 

flush 
Close  Open  Open  Open  Close  On  
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S4.3. Selective layer thickness of ceramic tubes 

 

Figure S4.4. Cross-sectional SEM images of three ceramic tubes. The images show that the 

selective layer thickness varies between 21 and 25 μm for different tubes.  

 

S4.4. Oil-in-water emulsion filtration 

 

Figure S4.5. Variations of TMP and permeance of D0 and D120 during the filtration of oil-in-

water emulsion at a constant flux of 100 LMH. The emulsion had an oil concentration of 400 

mg L-1 and pH of 5.6.  

The variations of transmembrane pressure (TMP) and permeance of D0 and D120 

were shown in Fig. S5. The initial TMP of D120 was almost two times higher than that 

of D0 due to smaller permeance. The oil emulsion permeance of both membranes 

were close to their pure water permeance. After 7 cycles of filtration, more fouling 

was observed in D0 even though it had a higher initial permeance.    
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S4.5. Cost analysis 

In this thesis, we compare the costs of SiC-deposited alumina membranes with those 

of commercial membranes. Due to the confidential nature of the parameters used in 

the preparation of commercial SiC membranes, we rely on the retail price of 

commercial membranes as a reference. The costs of SiC-deposited alumina 

membranes can be categorized into two parts: the cost of alumina supports and the 

cost of the LPCVD system. For the cost of the LPCVD system, we exclude the one-time 

furnace cost from our calculations and focus solely on the chemical and energy costs. 

Table S4.2 provides the dimensions and prices of commercial SiC membranes (Liqtech) 

as well as alumina membranes (CoorsTek). 

Table S4.2. Comparison of commercial SiC and alumina membranes. The prices of the 

two membranes were based on quotations obtained from the respective companies in 

2019.  

Membrane Supplier Configuration 
ID 

(cm) 
OD (cm) 

Length 

(cm) 
Price (€) 

SiC Liqtech Tubular 7 10 25 200 

Al2O3 CoorsTek Tubular 7 10 15 65 

The cost of commercial SiC membranes is assumed to be equal to the price on the quotation.  

Since the membrane with a deposition time of 90 minutes exhibits the best fouling 

resistance, we select 90 minutes as the duration for calculating the chemical cost. The 

entire LPCVD process requires additional time for heating and pumping the reaction 

chamber. Typically, the total time necessary to complete the entire process is 

approximately 4 hours. Consequently, the cost of the LPCVD process can be 

determined by considering the chemical cost (refer to Table S4.3) and energy cost 

(refer to Table S4.4) for a 90-minute deposition. 

Table S4.3. Chemical cost of LPCVD (90 minutes) 

Precursor  Flow rate (sccm) Price Cost (€) 

DCS 65 35 €/kg 866.09 

C2H2 22 50 €/kg 0.12 

H2 413 2 €/kg 0.17 

N2 500 1 €/L 45 

   911.38 

DCS – Dichlorosilane, the price of each precursor was found from Alibaba.com on 25th May, 

2023.  
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Table S4.4. Energy cost of LPCVD (4 h) 

Parameter Value 

Power of furnace 5 kW 

Power of pump 15 kW 

Deposition time 90 min 

Total usage time 4 h 

Electricity price in the Netherlands 0.62 € /kWh 

Total cost 49.6 € 

The power of furnace and pump are assumed in the table.  

To calculate the ultimate cost of a SiC-deposited alumina membrane, we make the 

assumption that 30 tubes can be deposited simultaneously in the LPCVD system. This 

arrangement results in an approximate cost of 97 € per tube, which is less than half 

the cost of commercial SiC membranes. 
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emulsion at constant flux and constant 
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emulsion at constant flux and constant transmembrane pressure: Implications for 

modification of ceramic membranes. To be submitted for publication.   
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Abstract  

Membrane modification has been widely used for water purification and wastewater 

treatment to decrease fouling of ceramic membranes. However, the way fouling 

experiments are conducted has a strong impact on the evaluation of the fouling 

resistance of the pristine and modified membranes, which is rarely studied. Therefore, 

in this study, alumina and SiC-deposited alumina membranes were respectively 

studied for oil-in-water emulsion filtration using both constant flux and constant 

transmembrane pressure experiments. The threshold flux of the membranes was first 

determined by flux-stepping experiments. In a single cycle constant flux filtration 

experiment, the development of fouling of the membranes was consistent with the 

results of the threshold flux experiments. However, the fouling character changed 

when backwash was involved in constant flux experiments and it was also related to 

the permeate flux. The improved surface hydrophilicity and charge made backwash 

more effective for the modified membranes, while extensive modification had a 

negative effect on membrane fouling due to the larger loss in membrane permeance, 

compared to the permeance of the other membranes. In the constant pressure 

experiment, the backwash efficacy was only related to the permeance of the 

membranes, while an effect of surface properties was not observed. Therefore, 

constant flux filtration experiments with backwash are recommended to be applied to 

evaluate the performance of the membranes with and without modification, because 

they not only have a better representation of practical conditions, but also make it 

easier to observe the effect of surface properties on membrane fouling. 
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5.1. Introduction  

Among the membrane technologies, microfiltration (MF)/ultrafiltration (UF) are 

widely used for drinking water production (Fiksdal and Leiknes, 2006; Mavrov et al., 

1998), wastewater treatment (Hoinkis et al., 2012; Raffin et al., 2013) and 

pretreatment for high-pressure NF and RO processes (Ordóñez et al., 2011; Pearce, 

2008), due to their low energy requirement and small footprint. In addition, MF/UF 

are also considered to be one of the most effective ways to deal with oil-in-water (O/W) 

emulsions (Chen et al., 2022; Chen et al., 2021).  

The filtration mechanism for MF/UF is mainly based on size exclusion (Miller et al., 

2017). During the filtration process, suspended particles, colloids and oil droplets are 

retained on the membrane surface or in the pores. This leads to the so-called 

membrane fouling, which could cause a series of negative effects such as a decline of 

water production or a higher operational pressure due to an increased mass-transfer 

resistance (Zhang et al., 2016a). As a result, the capital and operational costs increase 

due to higher energy consumption, requiring chemical cleaning of the fouled 

membranes and shorter membrane unit’s service life. It is therefore important to 

mitigate membrane fouling during the filtration process.  

Various techniques may be used to alleviate membrane fouling. The feed may be pre-

treated by dosing additives (e.g., coagulant and flocculant) or oxidants (e.g., 

permanganate, chlorine) to reduce the amount of foulants that may block the 

membrane pores (Heng et al., 2008; Lin et al., 2013; Wu et al., 2006). However, this 

can increase the operational costs due to the need of additional unit operations. 

Operational parameters, such as cross-flow velocity, permeate flux, and 

transmembrane pressure (TMP) can be adjusted to reduce foulant build-up on the 

membrane surface, but it cannot radically solve the fouling problem (Zhang et al., 

2016a).  

Membrane modification is considered to be one of the most promising methods to 

reduce membrane fouling (Chen et al., 2021). This is normally achieved by building a 

fouling resistant surface on the membrane support. Various methods, such as surface 

coating (Chang et al., 2014), surface grafting (Nady et al., 2011), physical 

doping/blending (Zhang et al., 2009) and surface deposition (Chen et al., 2022; Chen 

et al., 2020b), have been adopted to construct such surfaces. The newly constructed 

surface can change the physicochemical properties of the membrane to minimize the 

negative interaction between the foulants and membrane surface, thereby decreasing 
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fouling. This is typically realized via enhancing the surface hydrophilicity and 

electrostatic interactions between the foulants and membranes in light of the fact that 

most of the foulants in nature are hydrophobic and charged in the aquatic 

environment (Rana and Matsuura, 2010).  

Nevertheless, it is inevitable that a higher mass-transfer resistance is normally 

observed for MF/UF membranes after modification, due to either a decrease in 

membrane pore sizes or an increase in the selective layer thickness of the membrane. 

Therefore, the permeance of the modified membranes is usually smaller than that of 

the pristine membranes (Gu et al., 2021).  

To effectively evaluate the extent of fouling mitigation for a modified membrane, the 

fouling rate during filtration and the fouling state after cleaning should be determined. 

There are two different filtration modes, namely constant TMP filtration and constant 

flux filtration ( Figure 5.1). Constant TMP filtration is more frequently used in a 

laboratory environment as it is relatively easy to perform. With a fixed TMP, the 

permeate flux of the membrane declines as it fouls. In contrast, constant flux filtration 

is preferred in industrial practice to maintain a constant production flow. To maintain 

the desired permeate flux, the TMP increases over time as the membrane fouls.  

As the permeance is different for the modified and pristine membranes, fouling on the 

membrane surface or in the pores may be affected. As schematically shown in  Figure 

5.1, due to the smaller permeance, the initial TMP and flux of the modified membrane 

are, respectively, higher and lower than that of the pristine membrane in constant flux 

mode and constant TMP mode (Blankert et al., 2021; Miller et al., 2014a). As fouling is 

affected by the initial states, the higher initial flux through a pristine membrane may 

lead to more fouling in constant TMP mode (Blankert et al., 2021). Differences in the 

filtration flux naturally occur for membranes with different permeances, making a fair 

comparison difficult. In comparison, in constant flux filtration mode, the higher initial 

TMP of the modified membrane also has a negative effect on fouling, making the 

comparison beneficial for membranes with a higher permeance (Kouchaki Shalmani 

et al., 2020).  
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Figure 5.1. Possible filtration profiles of the pristine membrane (M1) and the modified 

membrane (M2) at constant flux (left) and constant TMP (right) conditions.  

Therefore, in both filtration modes, membrane fouling is affected by the variations of 

initial states of the membranes with different permeance. In a previous study, Miller 

et al. (2014a) compared the fouling of polymeric membranes at, respectively, constant 

TMP and constant flux modes for O/W emulsions. Mass-transfer resistance changes 

during fouling were compared at various fluxes for the two filtration modes. At low 

fluxes, the fouling resistance and its change were independent of the operational 

mode. In contrast, the change in fouling resistance was much higher in constant flux 

filtration than in constant TMP filtration experiments at high flux conditions. Although 

it was confirmed that membrane fouling could be affected by the filtration modes, the 

effect of membrane permeance and the irreversible fouling (fouling that cannot be 

removed by physical or hydraulic cleaning) was not considered. More recently, 

Blankert et al. (2021) also compared the fouling of membranes with different 

permeance at the two operational modes. The results showed that a bias may occur 

for a less-permeable membrane in constant TMP filtration mode due to a lower 

filtration flux. Hence, constant flux filtration experiments were recommended for 

fouling evaluation. However, the study only focused on single cycle filtration, without 

considering the effect of irreversible fouling, while irreversible fouling is considered 

as the main contributor to high energy consumption and operational costs in full-scale 

installations (Kimura et al., 2004; Kimura et al., 2014). Therefore, a filtration 

experiment with multiple cycles may provide more valuable insights for practical 

applications. In addition, modification can also have an impact on membrane 

performance due to the newly formed functional layer. The combination of both 

factors (the decrease of permeance and the potential decrease of fouling by the newly 
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formed selective layer) will finally determine the performance of a modified 

membrane.  

Due to the rich hydroxyl groups formed on the particle surface, SiC is highly 

hydrophilic. In addition, SiC has a low iso-electric point (pH = 2-3), leading to a highly 

negatively charged surface (Skibinski et al., 2016; Xu et al., 2020). These properties 

may lead to less fouling during filtration of O/W emulsions.  

Therefore, in this study, the performance of the more conventional, commercially 

available alumina (Al2O3) ceramic membrane and silicon carbide (SiC)-deposited 

ceramic membranes were respectively compared in constant flux and constant TMP 

modes with O/W emulsions. Backwash and multiple filtration cycles were applied to 

evaluate the irreversible fouling. The SiC-deposited membranes were prepared by 

low-pressure chemical vapour deposition (LPCVD) to deposit a thin layer of SiC on the 

Al2O3 membrane surface and/or in the pores. Different deposition times were applied 

to obtain the membranes with varying permeance. In constant flux filtration 

experiments, the threshold fluxes (defined as the flux at which the rate of fouling 

rapidly increases) of the membranes were firstly determined and then membrane 

fouling was evaluated at fluxes below and above the threshold flux. In constant TMP 

filtration experiments, the fouling of the membranes was studied with equal driving 

forces at two different TMPs. In addition, a comparison with equal initial fluxes but 

different driving forces was performed to eliminate the effect of the difference in 

initial filtration flux.    

5.2. Materials and methods 

5.2.1. Materials  

Mineral oil (330760, Sigma-Aldrich), sodium chloride (NaCl) (99%, Baker Analyzed), 

and sodium dodecyl sulphate (SDS) (> 99%, Sigma-Aldrich) were used for the 

preparation of O/W emulsions. Citric acid (99.9%, powder) and NaOH (0.1 M, Merck, 

Germany) were used for membrane cleaning. All chemicals and solvents were used as 

received without further purification. Demineralized water (produced by a reverse 

osmosis filter, a candle filter and a resin vessel),  was used to prepare the aqueous 

solution and to rinse the filtration system and membrane samples.  
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5.2.2. Ceramic membranes 

Commercial single-channel tubular ceramic Al2O3 membranes with a pore size of 100 

nm were provided by CoorsTek Industry (the Netherlands). The inner and outer 

diameter, and the length of the tubular membranes are 7 mm, 10 mm, and 150 mm 

respectively. SiC-deposited membranes were prepared by LPCVD, with Al2O3 tubes as 

support, at Else Kooi Lab, TU Delft. A thin layer of SiC was deposited on the Al2O3 tubes 

using two precursors (SiH2Cl2 and C2H2/H2) at a temperature of 750 °C and pressure 

of 80 Pa. Three different deposition times (60, 90 and 120 min) were chosen to obtain 

the SiC-deposited membranes with varying permeance. More details on the 

preparation can be found in Chen et al. (2020b). The deposited SiC membranes are 

referred to as D60, D90, D120, corresponding to the deposition time of 60, 90 and 120 

min. The pristine Al2O3 membranes are referred to as D0. The characteristics of the 

membranes are listed in Table 5.1.  

Table 5.1 Characteristics of the Al2O3 and SiC-deposited membranes. 

Membrane label 
Deposition time 

(min) 
Selective layer 

Pore sizea 

(nm) 

Permeance 

(Lm-2h-1bar-1) 

D0 0 α-Al2O3 71 350±10 

D60 60 SiC 60 250±15 

D90 90 SiC 54 200±20 

D120 120 SiC 47 150±10 

a – the data are from Chen et al. (2022).  

5.2.3. Membrane characterization 

The surface charge of the membranes was characterized by the zeta potential using 

an electrokinetic analyser, SurPASS (Anton Paar, Graz, Austria). The instrument 

measures the streaming potential of the solid surface and then the corresponding zeta 

potential is automatically calculated using the Helmholtz–Smoluchowski equation 

(Nagasawa et al., 2020). Potassium chloride (KCl, 1 mM) was used as the electrolyte 

solution. The samples were measured at the same pH value as the O/W emulsion.  

The water contact angles of the Al2O3 and SiC-deposited membranes were measured 

by a contact angle measurement machine (Dataphysics OCA20, Germany). The surface 
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roughness of the membranes was measured by atomic force microscopy (AFM) 

(Dimension Icon, Bruker, USA).  

5.2.4. Oil-in-water emulsion 

O/W emulsions were prepared by mixing mineral oil, SDS and NaCl in demineralized 

water. To make sure that the feed characteristics were consistent for each experiment, 

a stock emulsion was prepared with the following steps. First, 0.053g NaCl was added 

in 0.9 L demineralized water and stirred for 10 min, afterwards, 0.9g SDS was added 

to the NaCl solution. When SDS was totally dissolved, 4.5 mL mineral oil was added 

and continuously stirred with a magnetic stirrer (L23, LABINCO, the Netherlands) at 

a speed of 1500 rpm for 24 h. To improve emulsification and homogenization, the 

O/W mixture was further treated with an energy-intensive sonifier (Branson 450) at 

an intensity of 40% for 30 min. 

The stock emulsion was diluted 10 times in 1 mM NaCl solution to obtain a final oil 

concentration of 400 mg L-1, SDS of 100 mg L-1 and NaCl of 1 mM for filtration 

experiments. Each filtration run was finished on the same day to reduce the effect of 

oil droplet aggregates or coalescence. The pH and conductivity of the emulsions were 

5.6 and 156 µs/cm, as measured by a multi-meter sensor (inoLab™ Multi 9420 - WTW). 

The emulsion has an oil droplet size distribution in a range 1-10 µm (Fig. S5.1) and 

zeta potential of -90 mV, which were analyzed with a particle size analyzer (Bluewave, 

Microtrac, USA) and a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd., UK), 

respectively.  

5.2.5. Fouling experiments with O/W emulsions 

Constant flux crossflow fouling experiments  

A constant permeate flux crossflow fouling apparatus was used for comparing the 

fouling of the membranes (Figure 5.2), which has been described in detail in Chen et 

al. (2020b). The effective filtration area of each membrane module was 0.003 m2. The 

constant permeate flux was controlled by a diaphragm pump (DDA12-10, Grundfos, 

Denmark) at the feed side. A constant crossflow velocity of 0.44 m s-1 was provided by 

a circulation pump (VerderGear, Verder B.V., the Netherlands) based on our previous 

study (Chen et al., 2020b). During the filtration, the concentrate valve was closed and 

the oil concentration in the closed loop (150 mL) gradually increased with filtration 

time (e.g., 120 mL permeate was produced in 30 min at a flux of 80 L m-2 h-1). Because 
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the pressure at the permeate side was equal to atmospheric, the TMP was thus 

determined by the average of the inlet and outlet pressures on the two sides of the 

membrane module, which were monitored by two pressure transducers (GS4200-

USB, ESI, UK). The pressures were continuously logged with a time interval of 30 s to 

the computer. During the filtration, the membrane was fouled and the membrane 

resistance increased, resulting in an increase in TMP.  

 

Figure 5.2. Constant flux crossflow filtration setup for O/W emulsion separation integrated 

with backwash (Chen et al., 2022).  

The filtration experiments were conducted at room temperature (22 ± 3 °C). Before 

each filtration experiment, the system was thoroughly cleaned with demineralized 

water to remove residual chemicals and air. Afterwards, the membrane was loaded in 

the membrane module and the water permeance of the membrane was measured, at 

the same permeate fluxes as used for O/W filtration, with demineralized water. As 

fouling is closely related to the permeate flux, the threshold flux of all membranes was 

first determined by the flux stepping experiments as recommended in literature 

(Kasemset et al., 2016; Kirschner et al., 2017; Miller et al., 2014b). In this protocol, the 

membrane was initially operated at a low, constant flux (40 L m-2 h-1) for 10 min, then 

the flux was increased with 10 L m-2 h-1 and the membrane was operated for another 

10 min. In this manner, the flux was gradually increased from 40 L m-2 h-1 to a final flux 

of 110 L m-2 h-1, where a rapid fouling was observed. Between each flux step, the 

membrane was backwashed at 3 bar for 15 s to remove the possible accumulated 

fouling from the previous flux step. To check if backwash affects the fouling character, 

the membranes were respectively tested with a single cycle filtration at fluxes below 
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and above the threshold flux and multiple cycle filtration with backwash, at three 

permeate fluxes  (Table 5.2).   

In single cycle filtration, the experiments were extended for a longer period compared 

with the multiple cycles filtration experiments to differentiate the fouling between 

membranes. For multiple cycle filtration, the fouling experiment for each membrane 

consisted of six cycles. Each filtration cycle was composed of three phases: 1) 

Filtration at a specified flux for a pre-set time (Table 5.2), 2) Backwashing the 

membrane module with demineralized water at a fixed pressure of 3 bar for 15 s to 

remove hydraulically reversible fouling, 3) Forward flush with feed emulsion for 15 s 

to remove the backwash remaining liquids and replace the solution in the loop with 

the fresh feed.  

Table 5.2 Permeate flux and the corresponding filtration time per cycle for constant flux 

multiple cycles filtration experiments. 

Flux (L m-2 h-1) 80 90 100 

Time (min) 30 20 18 

Constant TMP crossflow fouling experiments  

Constant TMP crossflow fouling experiments were performed with a setup shown in 

Figure 5.3. Unlike the constant flux experiment, only one pump (VerderGear, Verder 

B.V., the Netherlands) was used to pump the feed solution through the membrane 

module. The feed flow rate was monitored using a flow meter (Zhongjiangenergy-

efficient electronics co., Itd., China) and a same crossflow velocity (0.44 m s-1) was 

used as in the constant flux experiment. Two pressure transducers from ESI (GS4200-

USB, UK) were used to monitor the pressures on two sides of the membranes. The 

TMP and crossflow velocity of the system were adjusted by controlling the feed pump 

and a pressure control valve (FDV30KTZ, KNF) (downstream of the membrane 

module) simultaneously. In addition, a backwash vessel filled with demineralized 

water was installed at the permeate side. A fixed pressure of 3 bar was used to remove 

hydraulic reversible fouling of the membrane for 15 s.  
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Figure 5.3. Constant TMP crossflow filtration setup for O/W emulsion separation integrated 

with backwash.  

Permeate from the membrane module was collected in a beaker on a digital balance 

(FZ-3000iWP, A&D company). The change in mass was automatically recorded every 

30 s to the computer and therefore the permeate flux of the membrane was calculated 

by the following Eq. (1): 

                                                       J  = 
∆𝑀

𝜌𝐴∆𝑡
                                                           (1) 

Where J is the flux (Lm-2h-1), ΔM is the mass of permeate during a filtration period of 

Δt, ρ is the density of permeate and A is the effective filtration area of the membrane 

(0.003 m2).  

To begin a constant TMP fouling experiment, the membrane was first tested with 

demineralized water for 10 min to get a stable permeate flux at the setting pressures. 

Afterwards, the feed line was switched to the O/W emulsion to initialize the fouling 

experiment.  

The fouling experiments in constant TMP mode were executed in two ways. First, all 

membranes were respectively compared at the same driving forces of 0.5 bar and 1 

bar for three cycles. Each cycle lasted 20 min. In this case, the permeate flux was lower 

for the less permeable membranes. Afterwards, fouling experiments with different 

driving forces were adopted to obtain similar initial fluxes for all membranes  (Table 

S5.1). These experiments consisted of six cycles with a duration of 20 min each.  
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5.2.6. Membrane cleaning 

The membranes were regenerated after each filtration run with the following method. 

First, the membranes were cleaned with a base solution by soaking them in a sodium 

hydroxide solution (0.01M NaOH) for 1 h at 65 °C, followed by three times rinsing with 

demineralized water. Afterwards, the membranes were soaked in a citric acid solution 

(0.01M) for another 1 h at 65 °C, as recommended in literature (Fraga et al., 2017a; 

Zsirai et al., 2018). If the performance of the membranes was not fully recovered after 

the chemical treatment, the membranes were heated at 200 °C for 2 h in a muffle 

furnace (Nabertherm Controller P 300, Germany). The membranes were not used 

until the permeance was recovered to the value of the clean membrane.  

5.2.7. Data analysis  

Normalized TMP, permeance and flux were employed to make the comparison 

between the different membranes possible, as variations in the initial pressure and 

flux existed among the membranes with varying permeance.  

5.3. Results and discussion  

5.3.1. Threshold flux determination  

The results of the flux stepping experiments and the threshold fluxes of all membranes 

are shown in Fig. S5.2 and S5.3. The threshold fluxes of the membranes were 

determined with  TMPavg values as a function of permeate flux, which is considered as 

the most accurate method according to the study by Kirschner et al. (2017). The 

threshold flux of the pristine Al2O3 membrane was 94.7 L m-2 h-1. After a deposition of 

a SiC layer for 60 min, the threshold flux of D60 decreased to 86 L m-2 h-1. With a 

further increase in deposition time to 90 min, the threshold flux of D90 was improved 

to 95.7 L m-2 h-1. However, the threshold flux of the membrane (D120) decreased to 

85 L m-2 h-1 when the deposition time was extended to 120 min. Therefore, D90 was 

considered to be the membrane with highest fouling resistance. In the studies by He 

et al. (2016), an apparent correlation was found between the threshold flux and 

foulant zeta potential. This confirms that an enhanced repulsive force between the 

modified membrane and foulant can increase threshold flux. However, on the other 

hand, the negative effects caused by surface modification, such as a decrease in 

membrane pore size and an increase in membrane hydraulic resistance, were 

considered to decrease threshold flux (Kasemset et al., 2016).  
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For a short deposition time (60 min), the membrane (D60) was endowed with a 

slightly negatively charged and more hydrophilic surface (Table S5.1 and Fig. S5.4, 

supporting information). This may lead to the alleviation of membrane fouling. 

However, deposition also decreased the membrane pore sizes, resulting in a lower 

water permeance. Therefore, the membrane had to be operated at a higher pressure 

to maintain the same flux as the pristine membrane. The electrostatic repulsion in the 

D60 membrane was apparently not strong enough to compensate for the loss of water 

permeance, leading to a decrease in threshold flux. When the deposition time was 

increased to 90 min, a much higher negative charge was observed for D90 as 

compared with D60. Such a considerable increase in the zeta potential of the 

membrane would result in a much stronger electrostatic repulsion between the 

membrane surface and oil droplets. In this case, apparently, the effect of electrostatic 

repulsion outweighed the loss of water permeance of the membrane, leading to a 

slightly higher threshold flux than that of the Al2O3 membrane. Compared with D90, a 

further increase in the deposition time of the SiC layer had little effect on enhancing 

the zeta potential of the membrane (D120). However, the pore size reduction and 

increase in membrane selective layer thickness made the water permeance of the 

membrane even smaller, leading to a decrease in the threshold flux again. The 

decrease in threshold flux, due to extensive surface modification (e.g., higher 

concentrations of modifying agents or longer deposition time), was also observed in 

the previous studies (Kasemset et al., 2016; Kirschner et al., 2017). Kasemset et al. 

(2016) studied the effect of polydopamine (PDA) coating on the threshold flux of 

hydrophobic polysulfone UF membranes. PDA is a highly hydrophilic materials and it 

improves the membrane surface hydrophilicity even at low initial concentrations or 

short coating times. The increased surface hydrophilicity of the membrane made it 

more resistant to fouling by hydrophobic oil droplets under a given shear force. A 

higher threshold flux was thus observed. When using high initial PDA concentrations 

or longer coating times, the threshold flux of the modified membranes decreased due 

to a substantial loss of water permeance.  

From the above results, it was thus concluded that the threshold fluxes of the pristine 

Al2O3 and SiC-deposited ceramic membranes were in the following order: D90 > D0 > 

D60 ≈ D120.   
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5.3.2. Fouling comparison at constant flux  

Single cycle filtration  

Constant flux crossflow single cycle filtration was performed on alumina membrane 

(D0) and SiC-deposited membranes (D60, D90 and D120) with an O/W emulsion feed 

to determine the difference in total fouling between membranes. Figure 5.4 presents 

the normalized TMP evolution as a function of filtration time at 60, 80, 90, and 100 L 

m-2 h-1. These fluxes are, respectively, either below or above the threshold flux of the 

membranes. As shown in Figure 5.4A, at 60 L m-2 h-1, the normalized TMP of all 

membranes increased linearly over 1h filtration time at a slow rate. Except for D120, 

the fouling curves of the other three membranes overlapped, indicating that the 

fouling rate was similar. Since 60 L m-2 h-1 is well below the threshold flux, fouling was 

sufficiently slow so that the samples maintained a relatively stable, long-term 

operation. Similar results were also reported when using polymeric membranes for 

filtration O/W emulsion at fluxes below the threshold flux (Kirschner et al., 2017; 

Miller et al., 2014b).  

When the membranes were operated at 80 L m-2 h-1, a distinct difference was observed 

as compared with the condition at 60 L m-2 h-1. All membranes experienced a relatively 

constant slow increase in TMP in the first 20 min and then the TMP increased rapidly, 

indicating a substantial increase in fouling rate. Since 80 L m-2 h-1 was still below the 

threshold flux, a slow and constant increase of TMP was to be expected (He et al., 

2016). However, because the membranes were operated in a closed loop crossflow 

filtration system, the oil concentration increased with filtration time, probably 

accelerating the fouling of the membranes (Yang et al., 2019). In addition, it can be 

expected that pore blockage was the main fouling mechanism during the initial slow, 

linear TMP increase stage (Ho and Zydney, 2002). To maintain the constant flux over 

the entire filtration area, the flux through the open pores increased, leading to fouling 

acceleration (Ognier et al., 2004), in this case, after 20 min.  
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Figure 5.4. Normalized TMP during constant flux fouling of Al2O3 and SiC-deposited ceramic 

membranes with O/W emulsion in single cycle filtration experiments. (A) 60, (B), 80, (C) 90, 

and (D) 100 L m-2 h-1.  

At 90 L m-2 h-1, the rapid increase in (normalized) TMP happened earlier for all 

membranes, as expected (Zhu et al., 2017). In addition, from Figure 5.4C it can be 

observed that the TMP increase was higher for D60 and D120, since 90 L m-2 h-1 was 

above their threshold flux. The lower TMP increase of D90 was attributed to its high 

threshold flux. At 100 L m-2 h-1, a similar TMP increase order was observed except that 

the extent of TMP increase of D60 was close to that of D120. Overall, the order of the 

extent of the TMP increase of the membranes during single cycle filtration of an O/W 

emulsion was consistent with their threshold flux values.   

Multiple cycles filtration  

In Figure 5.5A, the normalized permeance of all membranes at a flux of 80 L m-2 h-1  

was compared. However, it was difficult to discern the difference in the fouling of each 

membrane due to the overlap of fouling curves. Therefore, the permeance recovery of 

all membranes after each backwash for emulsion filtration at three different fluxes 
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was illustrated in Figure 5.5B, C and D. The permeance recovery of all membranes 

declined as the number of backwash cycle increased, suggesting that the hydraulically 

irreversible fouling gradually increased. In addition, a higher decrease of permeance 

recovery after each backwash was observed for all membranes when permeate flux 

increased. This indicates that the permeate flux not only affected the permeance 

decline during the filtration cycle, but also had an influence on the backwash efficacy 

of the membranes.  

At 80 L m-2 h-1 (Figure 5.5B), the permeance recovery of D120 after the first backwash 

was a little smaller than of the other membranes. However, with more backwash 

cycles, the permeance recovery of D120 considerably decreased, only reaching 85% 

after the 5th backwash, while the other three membranes had a high permeance 

recovery of 95%. During the single cycle filtration experiment, we observed that the 

fouling of all membranes was similar at the flux of 80 L m-2 h-1. Therefore, the 

permeance recovery could be related to the backwash efficacy. Due to the properties 

of SiC, it was expected that polar interactions between the membrane and oil droplets 

would be lower. As a result, the attachment of oil droplets to the modified membrane 

surfaces was less compared to the original alumina membrane. However, although 

D120 had the most negatively charged surface, the permeance recovery after 

backwash was poor, compared with other membranes. The D120 membrane exhibits 

the lowest permeance compared to other membranes, requiring a higher 

transmembrane pressure (TMP) to achieve an equivalent flux. This elevated TMP can 

potentially overcome the electrostatic repulsive forces, resulting in increased 

deformation of droplets on the membrane surface. Additionally, since backwash was 

conducted at a constant pressure (3 bar), it was probably less effective for less 

permeable D120 membrane. Then, the remaining foulants could accelerate membrane 

fouling due to reduced repulsion between the fouled membrane and foulants (Hube 

et al., 2021).  

Therefore, in a multicycle filtration experiment, using the same backwash flux for all 

membranes can facilitate the comparison of their cleaning efficacy. This is because the 

backwash flux is the driving force that removes the cake layer from the membranes. 

However, the permeability of the membranes will affect the cleaning efficacy. By 

increasing the backwash pressure from D0 to D120, the backwash cleaning will be 

more effective for the deposited membranes, particularly D120, when the same 

backwash flux is used. 
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Figure 5.5. Normalized permeance of all membranes after each backwash at a flux of 80 L m-2 

h-1 (A). Permeance recovery after each backwash during constant flux fouling of Al2O3 and SiC-

deposited ceramic membranes with O/W emulsion at various fluxes. (B) 80 L m-2 h-1, (C) 90 L 

m-2 h-1, and (D) 100 L m-2 h-1. 

As shown in Figure 5.5C, at 90 L m-2 h-1, the higher permeate flux possibly caused a 

stronger drag force acting on the oil droplets, which consequently led to more 

irreversible fouling (Chen et al., 2022). As a result, the permeance recovery of the 

pristine Al2O3 membrane (D0) was the lowest after each backwash due to the lack of 

electrostatic repulsion between the membrane and oil droplets. In addition, although 

D60 had a higher permeance than that of D90, its negative surface charge was much 

lower than that of D90. Therefore, the adsorption of negatively charged oil droplets 

on D90 was expected to be weaker than that of D60, leading to a higher permeance 

recovery during backwash (Chang et al., 2017; Chang et al., 2015). Compared with 

D120, D90 had a higher permeance and a similar negative surface charge. As a result, 

the permeance recovery of D90 was higher. The higher backwash efficacy of D60 

compared to D120 indicates that the effect of permeance outcompeted the influence 

of enhanced surface charge. According to the study by Vroman et al. (2020), a critical 

backwash flux exists to reach a high backwash efficacy during ultrafiltration of a 

bentonite suspension. Above the critical backwash flux, the backwash became 
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effective. The low backwash efficacy of D120 was probably due to the backwash flux 

being below the critical backwash flux. For D0, the increase of permeate flux led to a 

higher drag force pressing the oil droplet toward the membrane and finally resulting 

in the adherence to the membrane. In addition, oil deformation increased with 

permeate flux, making it more difficult to be removed by backwash (Fux and Ramon, 

2017).  

At 100 L m-2 h-1, the same backwash efficacies were observed as at 90 L m-2 h-1. The 

permeance recovery of D90 was much higher than that of the other membranes, 

indicating that D90 was best resistant against fouling.  

Overall, the fouling of the membranes was affected by several factors, i.e., permeate 

flux and membrane properties, especially when backwash was involved. Without 

backwash (single cycle filtration), fouling of the membrane was mainly determined by 

the interactions between the membrane surface and the foulants. With backwash, 

however, considerable improvement on fouling control was obtained for the mildly 

modified membranes (D60 and D90). Similar results were reported by Ma et al. (2000; 

2001), who found that for filtration of carboxylate modified latex by membranes, 

fouling was not strongly dependent on the membrane surface chemistry without 

backpulsing. However, when backflushing was applied, the permeate volume was 

respectively increased by 10% and decreased by 20% when the modified membrane 

and particles had like and opposite charges, compared with the unmodified one.  

5.3.3. Fouling comparison at constant TMP  

Same driving force   

The SiC-deposited membranes and Al2O3 membrane were compared at two different 

TMPs (0.5 and 1 bar) for O/W emulsion filtration, as shown in Figure 5.6. At 0.5 bar, a 

flux decline was observed for D0 and D60 (Figure 5.6A). In comparison, the fluxes of 

D90 and D120 did not change with the filtration time, indicating that no fouling 

happened in these membranes. When a constant TMP was applied on membranes, D0 

had the highest initial flux, up to 150 L m-2 h-1. This flux was much higher than the 

threshold flux of D0, and probably therefore (ir)reversible fouling was observed. The 

initial flux of D60 was around 100 L m-2 h-1, which was also higher than the threshold 

flux of D60. However, unlike the flux of D0, the flux of D60 was almost recovered after 

backwash, indicating they were mainly hydraulically reversible fouling. The initial 

fluxes of D90 and D120 were around 70 and 60 L m-2 h-1, which were well below the 
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threshold fluxes of the membranes. As a result, the fouling hardly built up on the 

membrane surface.   

 

Figure 5.6. Time-dependent variations of permeate flux of Al2O3 and SiC-deposited ceramic 

membranes for O/W emulsion filtration with three cycles. (A) 0.5 bar, (B) 1 bar, (C) 

normalized flux at 1 bar. 

At 1 bar, flux declines of all membranes were observed. The initial fluxes of all 

membranes were higher than the threshold fluxes of the membranes, as depicted in 

Figure 5.6B. Due to its higher initial flux, the flux decline of D0 was much higher than 

the decline of the other three membranes. As the fouling curves of the SiC-deposited 

ceramic membranes overlapped (Figure 5.6B), the normalized flux was presented in 

Figure 5.6C, to better illustrate the fouling and flux recovery of the membranes. From 

Figure 5.6C it can be observed that D120 had the smallest flux decline and the highest 

flux recovery, followed by D90, D60 and D0. A higher initial flux was likely to lead to a 

higher drag force acting on oil droplets, making them more firmly attached to the 

membrane surface (Zhu et al., 2017). In addition, oil deformation is also easier at a 

higher flux, possibly leading to oil penetration into membrane pores and irreversible 

fouling (Fux and Ramon, 2017). However, it should be noted that the permeate 

production was also less for membranes with a lower permeance, when the same 
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constant TMPs were applied. Therefore, less fouling was observed for the less 

permeable membranes (Blankert et al., 2021). Comparison at the constant TMPs with 

a similar initial flux is thus needed to have a better assessment of the membrane 

fouling.   

Equal initial fluxes at constant TMP 

Figure 5.7 illustrates the permeance recovery of membranes after each backwash 

based on equal initial fluxes (Table S5.2) at constant TMP. It appeared that D0 had the 

highest flux recovery among the membranes, followed by D60, D90 and D120. One 

possible explanation for this phenomenon was that the initial flux was much higher 

than the threshold flux for all membranes, leading to similar fouling accumulation in 

the filtration process. The membrane which had a higher permeance thus got a higher 

cleaning efficacy due to higher backwash flux. This indicates that the pristine 

membrane is best against fouling. Apparently, this conclusion leads to an impression 

that modification is not useful for fouling alleviation, which is contradictory to the fact.  

When membranes were compared at similar initial fluxes, higher TMPs were required 

for the less permeable membranes. Unlike rigid particles, oil droplets are deformable. 

Oil deformation is expected to be higher at higher pressures (Darvishzadeh and 

Priezjev, 2012). The deformation of oil droplets on the membrane surface would 

possibly make them more firmly attached and difficult to remove during backwash. In 

addition, the backwash efficacy can be lower for the less permeable membranes due 

to lower backwash flux because a constant backwash pressure was applied during the 

experiments.  
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Figure 5.7. Permeance recovery during constant pressure O/W emulsion filtration with Al2O3 

and SiC-deposited ceramic membranes at similar initial fluxes.  

5.3.4. Implications for membrane modification  

Membrane modification has been widely used to improve membrane rejection and/or 

to develop fouling resistant membranes for water treatment, especially for O/W 

emulsions. In some cases, the trade-off between the membrane selectivity and 

permeability may be overcome by coating a highly hydrophilic thin layer on the 

membrane support (Mahmodi et al., 2022; Wang et al., 2013). Still, the decrease in 

pure water permeance of the modified membrane is a common phenomenon (Chen et 

al., 2020b; Miller et al., 2014b). To evaluate the fouling resistance, a constant TMP 

filtration system is generally applied at a laboratory scale. However, the results found 

in this work suggest that the effect of permeance of the membranes seems to be 

dominant. The backwash efficacy was only related to the permeance of membranes, 

while an effect of surface properties was not observed. The improved fouling 

resistance of the membrane after modification could be attributed to the huge loss in 

permeance, thereby resulting in a much lower initial flux and fouling when operated 

at the same driving force as the pristine membrane. However, in constant flux 

filtration experiments, we found that the loss of water permeance of the membranes 

after modification may lead to negative effects on fouling resistance even though the 

surface property of membranes became less prone to the target pollutants. 

Apparently, these two filtration modes give different conclusions on the performance 

of the modified ceramic membranes for the O/W emulsions filtration. In constant TMP 

experiments, the best modified membranes are those with the least permeance, which 
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are not necessarily the optimal choices in practice. On the contrary, the constant flux 

experiments clearly reveal the competing effect between the permeance and 

improved fouling resistance, which also serves as the best simulation for practical 

filtering of O/W emulsions. In addition, due to the high initial flux of the clean 

membrane, severe fouling often occurs at the start of the constant TMP experiment. 

This could be prevented by imposing a lower flux in constant flux filtration (Miller et 

al., 2014a). Therefore, constant flux filtration experiments with backwash are 

recommended to be applied to evaluate the performance of the membranes with and 

without modification for O/W filtration as well as other types of wastewater 

treatment. As the height of permeate flux can also affect the order of fouling tendency, 

experiments tested at several permeate fluxes would be preferred.  

5.4. Conclusion 

The performance of alumina and SiC-deposited ceramic membranes was 

respectively compared at constant flux and constant TMP filtration modes with 

O/W emulsions in order to evaluate its practical applicability. The filtration 

conditions (filtration modes, permeate flux and TMP), membrane properties and 

the backwash affected the fouling of the membranes. The following conclusions 

were drawn:  

• During single cycle constant flux filtration experiments, it was difficult to 

make a distinction between the fouling of the membranes when the 

permeate flux was low (60 and 80 L m-2 h-1). At higher permeate flux (90 

and 100 L m-2 h-1), the fouling of one of the modified membranes (D90) was 

lowest, followed by the pristine membrane and the other two modified 

membranes.  

• When backwash was involved in constant flux filtration mode, except for 

D120, hardly any difference in irreversible fouling was observed at a low 

flux (80 L m-2 h-1). At higher fluxes (90 and 100 L m-2 h-1), two of the three 

modified membranes (D90 and D60 respectively) performed better, in 

terms of irreversible fouling, than the pristine membrane, indicating the 

importance of incorporating backwash (same flux) in a fouling experiment 

for good evaluation.  

• During the constant TMP filtration experiments, membrane fouling was 

observed to be only related to the membrane permeance, while an effect of 

surface properties was not observed.  
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• Since it also the case in operation of a full scale MF/UF plant, experiments 

with constant flux filtration with backwash were considered to be the most 

suitable for irreversible membrane fouling comparison, as compared with 

constant TMP filtration or experiments without backwash, leading to 

erratic conclusions. 
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Supplementary information  

S5.1. Oil droplet size distribution  

 

Figure S5.1. Oil droplet size distribution of O/W emulsion. The majority of oil droplets are  

distributed within the size range of 1-10 µm. 

S5.2. Threshold flux  

The results of flux stepping experiments of all membranes are shown in Fig. S5.2. At a 

relatively low flux (40 and 50 Lm-2h-1), the TMP profiles were almost constant, 

suggesting the fouling resistance was not increasing with time. With the increase of 

permeate flux, the TMP slowly increased with time over 10 min constant flux interval. 

An abrupt increase of TMP with time was observed when the flux was increased up to 

90 Lm-2h-1, indicating an increase in the fouling rate. To determine the threshold flux 

(Jthreshold), TMPavg values as a function of permeate flux were plotted, as presented in 

Fig. S5.3. This method was considered to be the most accurate one according to the 

study by Kirschner et al. (2017). TMPavg was calculated based on the arithmetic mean 

of the TMP values recorded during each flux step. From this plot, a linear regression 

line through the data points below the threshold flux was drawn by requiring a 

regression coefficient R2 ≥ 0.99. Then the other linear regression line was established 

by drawing the next two or three points after the threshold flux. The flux at the 

intersection of the two lines was identified as the threshold flux.  

The estimated threshold flux of the membranes was given in Fig. S5.3. The threshold 

flux of the pristine Al2O3 membrane was 94.7 Lm-2h-1. After a deposition of SiC layer 

for 60 min, the threshold flux of D60 decreased to 86 Lm-2h-1. With further increase of 
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the deposition time to 90 min, the threshold flux of D90 was improved to 95.7 Lm-2h-

1, which is slightly higher than that of the pristine Al2O3 membrane. However, the 

threshold flux of the membrane (D120) decreased to 85 Lm-2h-1 when the deposition 

time was extended to 120 min. Therefore, D90 was considered to be the membrane 

with highest fouling resistance.  

 

Figure S5.2. Flux stepping experiment with Al2O3 and SiC-deposited ceramic membranes. (A) 

D0, (B) D60, (C) D90, and (D) D120. The flux was gradually increased from 40 to 110 L m-2 h-1 

with an interval of 10 L m-2 h-1. The filtration time under each flux was 10 min. TMP was 

recorded during each flux. O/W emulsion was used as the foulant and the crossflow velocity 

was 0.44 m/s. Between each flux, the membranes were backwashed at 3 bar for 15s to reduce 

the effect of fouling accumulation from previous flux step. 
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Figure S5.3.Threshold flux determination from flux stepping experiment shown in Fig. 2. (A) 

D0, (B) D60, (C) D90, and (D) D120. TMPavg was calculated as the arithmetic mean of all TMPs 

recorded during each flux step. Based upon the slope of the TMPavg/flux relationship, the data 

were separated into two regions. The intersection of two regression lines was identified as 

the threshold flux (Jthreshold).  

 

 

 

Table S5.1. Same initial flux and corresponding TMP of the membranes in constant 

TMP experiments.  

Membranes D0 D60 D90 D120 

Initial flux (LMH) 175 167 169 167 

TMP (bar) 0.49 0.63 0.74 1.1 
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S5.3. Surface roughness 

 

Figure S5.4. AFM micrographs and surface roughness of the alumina membrane and SiC-

deposited ceramic membranes, (A) D0, (B) D60, (C) D90, and (D) D120. 
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S5.4. Water contact angle 

 

Figure S 5.5. Water contact angle of the alumina membrane and SiC-deposited ceramic 

membranes, (A) D0, (B) D60, (C) D90, and (D) D120.  

 

 

 

 

S5.5. Zeta potential  

Table S5.2. Zeta potential of membranes measured at pH around 5.6 

Membranes D0 D60 D90 D120 

Zeta potential (mV) 2.252 -20 -36.47 -38.35 
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Oil-in-water emulsion separation: 

Fouling of alumina membranes with 

and without a silicon carbide deposition 

in constant flux filtration mode 
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emulsion separation: Fouling of alumina membranes with and without a silicon carbide 

deposition in constant flux filtration mode. Water Research, 216, 118267. 
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Abstract  

In this study, the effects of emulsion chemistry (surfactant concentration, pH, salinity 

and Ca2+) and operation parameters (permeate flux and filtration time) were 

comparatively evaluated for alumina and silicon carbide (SiC) deposited ceramic 

membranes, with different physicochemical surface properties. The original 

membranes were made of 100% alumina, while the same membranes were also 

deposited with a SiC layer to change the surface charge and hydrophilicity. The SiC-

deposited membrane showed a lower reversible and irreversible fouling when 

permeate flux was below 110 Lm-2h-1. In addition, it exhibited a higher permeance 

recovery after physical and chemical cleaning, as compared to the alumina 

membranes. Increasing sodium dodecyl sulphate (SDS) concentration in the feed 

decreased the fouling of both membranes, but to a higher extent in the alumina 

membranes. The fouling of both membranes could be reduced with increasing the pH 

of the emulsion due to the enhanced electrostatic repulsion between oil droplets and 

membrane surface. Because of the screening of surface charge in a high salinity 

solution (100 mM NaCl), only a small difference in irreversible fouling was observed 

for alumina and SiC-deposited membranes under these conditions. The presence of 

Ca2+ in the emulsion led to high irreversible fouling of both membranes, because of 

the compression of diffusion double layer and the interactions between Ca2+ and SDS. 

The low fouling tendency and/or high cleaning efficacy of the SiC-deposited 

membranes indicated their potential for oily wastewater treatment.  
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6.1. Introduction  

Oily wastewater is becoming one of the major environmental concerns due to the 

large generated volumes, negative impacts on the aquatic environment, and potential 

threats to human health (Lin and Rutledge, 2018; Lin et al., 2019). Especially, 

emulsified oils in oil-in-water (O/W) emulsions are difficult to remove from a solution 

due to their small size (< 20 μm), and the high stability caused by the used surfactants, 

which considerably increase repulsive charge between oil droplets with a high zeta 

potential (Lu et al., 2016a; Zhu et al., 2016).  

Microfiltration (MF) and ultrafiltration (UF) have been widely studied to handle O/W 

emulsions, because of their distinct advantages over conventional methods, such as 

high flux, steady and good permeate quality, compact design, and small footprint 

(Chen et al., 2016a; Ebrahimi et al., 2010; Hua et al., 2007). Ceramic membranes are 

gaining increasing attention for O/W emulsion separation as they have a narrow pore 

size distribution, a higher porosity, and higher hydrophilicity than polymeric 

membranes (Dong et al., 2019; Wang et al., 2022b; Wu et al., 2022; Zhang et al., 2019). 

Therefore, better (reversible and irreversible) fouling control in water treatment has 

been observed than when polymeric membranes are used (Hofs et al., 2011; 

Nagasawa et al., 2020). Furthermore, ceramic membranes can potentially be cleaned 

with harsh chemicals and backwashed at high pressures, due to the high thermal, 

mechanical and chemical stability, for enhanced performance recovery, which can 

guarantee a longer service life (Eray et al., 2021; Nagasawa et al., 2020; Shi et al., 2022).  

Still, fouling of the ceramic membranes is one of the major operational problems, as it 

increases the operational costs of the ceramic membranes during the filtration of O/W 

emulsions. It is generally acknowledged that membrane fouling is influenced by 

membrane properties, emulsion characteristics, and operational conditions (Lehman 

and Liu, 2009; Nagasawa et al., 2020). A hydrophilic membrane surface is supposed 

to be more permeable to water over hydrophobic oil droplets, thereby decreasing 

membrane fouling (Dickhout et al., 2017). In O/W emulsions, oil droplets are usually 

charged, positively or negatively, depending on the type and characteristic of the 

stabilizing surfactants. Therefore, electrostatic interactions between oil droplets and 

a charged membrane surface are assumed to play an important role in membrane 

fouling too. However, contrasting results regarding the role of electrostatic 

interaction have been reported. For example, in UF of O/W emulsions, stabilized by 

various types of surfactants, Matos et al. (2016) found that the negatively charged 
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ZrO2/TiO2 ceramic membrane had a higher flux during filtration of an emulsion 

stabilized with an anionic surfactant. It was concluded that the electrostatic repulsion 

prevents the formation of a cake layer on the membrane surface and thus reduces the 

fouling. However, a lower flux was observed when filtering an emulsion stabilized 

with a cationic surfactant. A similar phenomenon was reported by Zhang et al. (2009), 

who found that a higher and more stable permeate flux was achieved for MF of an 

emulsion stabilized with sodium dodecyl sulphate (SDS, anionic), using a negatively 

charged TiO2 doped Al2O3 membrane. In contrast, Lu et al. (2015b) found that the 

TiO2/ZrO2 ceramic membranes had less irreversible fouling and a higher rejection of 

dissolved organics when challenged with O/W emulsions stabilized with an 

oppositely charged surfactant to the membrane. A synergetic steric effect and a 

demulsification effect were considered as the main reasons for the lower fouling due 

to the prevention of pore blockage.  

Hence, there is no consensus in the currently available literature on whether 

electrostatic repulsion or electrostatic attraction plays a role in ceramic membrane 

fouling alleviation. The contradicting results on the effect of electrostatic interaction 

on membrane fouling may be explained by the differences in the feed characteristics, 

such as oil droplets size, surfactant concentration, and salinity. In addition, these 

studies were conducted at a constant pressure filtration mode, where a decline of 

permeate flux over time was observed. As a result, the observed fouling behaviour is 

not only caused by the interaction between oil droplets and membrane surface but 

also due to the changing hydrodynamic environment and solute concentration near 

the membrane (Miller et al., 2014b). In practice, constant flux MF/UF filtration is 

preferred since the rate of permeate flow through the membrane’s pores is more 

constant than in fixed TMP studies. The maintained constant hydrodynamic 

environment near the membrane surface favours the comparison of membrane 

fouling (Miller et al., 2014a; Miller et al., 2014b).  

Therefore, this study is dedicated to a better understanding of the effect of surface 

charge of ceramic membranes on membrane fouling in constant flux filtration mode 

of an O/W emulsion stabilized with an anionic surfactant. Backwashing and multiple 

filtration cycles were performed in order to distinguish between hydraulic reversible 

and hydraulic irreversible fouling. SDS, a commonly used anionic surfactant, was 

employed to prepare negatively charged oil droplets. Al2O3 ceramic membrane and 

SiC-deposited ceramic membranes were selected, since both Al2O3 and SiC have a 

hydrophilic surface, but the iso-electric point (IEP) of these two materials is different. 
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Al2O3 usually has a relatively high IEP (8-9), while a low IEP (2-3) has been found for 

SiC (Xu et al., 2020). Therefore, the surface charge of the two membranes would be 

opposite in a neutral environment, potentially leading to different fouling mechanisms. 

In addition, other factors like permeate flux, SDS concentration, pH, salinity, and Ca2+ 

concentration were investigated. 

6.2. Materials and methods 

6.2.1. Materials  

Mineral oil (330760, Sigma-Aldrich), sodium chloride (NaCl) (99%, Baker Analyzed), 

calcium chloride dehydrate (CaCl2·2H2O) (99%, Merck KGaA, Germany) and SDS (> 

99%, Sigma-Aldrich) were used for the preparation of the O/W emulsion. HCl (≥ 37%, 

Honeywell, FlukaTM) and NaOH (0.1 M, Merck, Germany) were used for pH adjustment 

and membrane cleaning. Citric acid (99.9%, powder) was ordered from VWR 

International. All chemicals and solvents were used as received without further 

purification. Demineralized water (conductivity < 0.1 µs cm-1), produced at WaterLab, 

TU Delft (water filtered by a reverse osmosis filter, a candle filter and a resin vessel), 

was used to prepare the aqueous solution and to rinse the filtration system and 

membrane samples.  

6.2.2. Ceramic membranes 

Commercial single-channel tubular ceramic Al2O3 membranes with a pore size of 100 

nm were provided by CoorsTek Industry (the Netherlands) and commercial flat Al2O3 

membranes were purchased from Inopor (Germany). The tubular membranes consist 

of a selective layer and a support layer both with α- Al2O3, having an inner diameter 

of 7 mm, an outer diameter of 10 mm and a length of 150 mm. The flat membranes 

have a pore size of 100 nm with a diameter of 100 mm and a thickness of 3 mm. The 

SiC-deposited membranes were prepared by low-pressure chemical vapor deposition 

(LPCVD), with Al2O3 tubes as support, at Else Kooi Lab, TU Delft. The Al2O3 tubes were 

deposited with a thin layer of amorphous SiC using two precursors (SiH2Cl2 and 

C2H2/H2) at a temperature of 750 °C and pressure of 80 Pa (Morana et al., 2013). Three 

different deposition times (60, 90 and 120 min) were chosen to obtain SiC-deposited 

membranes with various pore sizes. More details on the preparation can be found in 

Chen et al. (2020b). The deposited SiC membranes are referred to as D60, D90, D120, 

corresponding to the deposition time of 60, 90 and 120 min, respectively. The pristine 
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Al2O3 membranes are referred to as D0. The characteristics of the membranes are 

listed in Table 6.1. The flat disc membrane samples were deposited at the same 

conditions as used for the tubular ones for zeta potential measurements.  

Table 6.1 Characteristics of the Al2O3 and SiC-deposited membranes. 

Membrane 
label 

Deposition 
time (min) 

Selective 
layer 

Pore size 
(nm) 

Permeance  

(L m-2 h-1 bar-1) 

D0 0  α-Al2O3 71a 350±10 

D60 60 SiC 60 270±15 

D90 90 SiC 54  220±20 

D120 120  SiC  47  177±10 

a – the pore size measured with porometry is a little smaller than that (100 nm) provided by 

supplier.  

6.2.3. Membrane characterization 

The surface charge of the membranes was characterized by the zeta potential with an 

electrokinetic analyser, SurPASS (Anton Paar, Graz, Austria). The instrument 

measures the streaming potential of the solid’s surface and then the corresponding 

zeta potential is automatically calculated using the Helmholtz–Smoluchowski 

equation (Nagasawa et al., 2020). Potassium chloride (KCl, 5 mM) was used as the 

electrolyte solution, while the pH was adjusted by HCl (0.1 M) and NaOH (0.1 M). 

Before the test, the flat membrane discs were cut into a rectangular shape (20 × 10 

mm) to match the module. The samples were measured in a range of pH values from 

2−10 with a pH difference of 1 using an automated titration unit.  

The water contact angle of the Al2O3 and SiC-deposited membranes were measured 

by a contact angle measurement (Dataphysics OCA20, Germany). The morphology of 

the ceramic membranes was characterized by a field emission scanning electron 

microscopy (SEM, FEI Nova Nano SEM 450, USA). The pore size distribution of the 

membranes was determined by capillary flow porometry (Porolux 500, IBFT GmbH, 

Germany). The surface roughness of the membranes was measured by atomic force 

microscopy (AFM) (Dimension Icon, Bruker, USA). 
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6.2.4. Oil-in-water emulsion 

The O/W emulsions were prepared by adding 3 mL mineral oil to 2 L of demineralized 

water in the presence of SDS as the stabilizing agent. First, the emulsion was 

continuously stirred with a magnetic stirrer (L23, LABINCO, the Netherlands) at a 

speed of 1500 rpm for 36 h and then ultrasonicated (521, Bransonic, US) for 2 h until 

it appeared milky white. Afterwards, the emulsion was diluted to 6 L with a final oil 

concentration of 400 mg L-1 for filtration experiments. Four different SDS 

concentrations (33, 66, 100, 133 mg L-1) were respectively used in order to study the 

effect of SDS concentration on membrane fouling. NaCl (1, 10, 100 mM) and Ca2+ (1 

mM) were added into the emulsion with 100 mg L-1 SDS to study the effect of ionic 

strength and Ca2+ on membrane fouling, respectively. Each filtration run was finished 

on the same day to reduce the effect of oil droplet aggregates or coalescence. The pH 

of the emulsions was adjusted by HCl (0.1 M) and NaOH (0.1 M) and measured by a 

pH sensor (inoLab™ Multi 9420 - WTW). Electrical conductivity of the emulsion was 

measured by a multi-meter (inoLab™ Multi 9420 - WTW). The oil droplet size 

distribution and zeta potential were analyzed in triplicate with a particle size analyzer 

(Bluewave, Microtrac, USA) and a Malvern Zetasizer Nano ZS (Malvern Instruments 

Ltd., UK), respectively.  

6.2.5. Fouling experiments with O/W emulsions 

Constant flux crossflow fouling experiments  

O/W emulsion filtration experiments were performed with a constant permeate flux 

crossflow fouling apparatus (Figure 6.1), which has been described in detail in Chen 

et al. (2020b). The effective filtration area of each membrane module was 0.003 m2. 

The concentrate valve was closed during filtration and the feed pump (DDA12-10, 

Grundfos, Denmark) has a controlled flow (measured and adjusted by the pump). A 

constant crossflow velocity of 0.44 m/s was provided by a circulation pump 

(VerderGear, Verder B.V., the Netherlands). Because the pressure at the permeate side 

was equal to atmospheric, the TMP was thus determined by the average of the inlet 

and outlet pressures on the two sides of the membrane module, which were 

monitored by two pressure transducers (GS4200-USB, ESI, UK). The pressures were 

continuously logged with a time interval of 30 s to the computer. During the filtration, 

the membrane was fouled and the membrane resistance increased, resulting in an 

increase in TMP.  
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Figure 6.1. Schematic view of the constant flux crossflow filtration setup. 

Filtration protocol 

The filtration experiments were conducted at room temperature (22 ± 3 °C). Before 

each filtration experiment, the system was thoroughly cleaned with demineralized 

water to remove residual chemicals and air. Afterwards, the initial water permeance 

of each membrane was measured at the same permeate fluxes as used for O/W 

filtration with demineralized water. The fouling experiment for each membrane 

consisted of several cycles which were dependent on the filtration conditions 

(permeate flux and emulsion chemistry). The filtration cycle was applicable for all 

membranes. Each cycle consisted of three phases: 1) Filtration at a specified flux for a 

pre-set time (Table 6.2), 2) Backwashing the membrane module with demineralized 

water at a fixed pressure of 3 bar for 30 s to remove hydraulically reversible fouling, 

3) Forward flush with feed emulsion for 15 s to remove the backwash remaining 

liquids and replace the solution in the loop with the fresh feed.  

Three permeate fluxes (90, 100, 110 L m-2 h-1) were respectively used to compare the 

membrane performance based on the threshold flux of the membranes, because then 

the effect of membrane surface properties on fouling can be well studied (Luo et al., 

2012) and the filtration time for each flux was chosen based on the same volume of 

permeate production. The filtration time per cycle has an effect on membrane fouling; 

therefore, two different filtration times were selected at a flux of 110 L m-2 h-1 for 

comparison. When challenged with the oil emulsion with high salinity or Ca2+ 

concentration, the permeate flux and filtration time were reduced as severe 
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membrane fouling was observed. Table 6.2 lists the characteristics of the O/W 

emulsion, the permeate flux and the corresponding filtration time per cycle. A short 

filtration time was used as a faster fouling was observed with extended filtration time, 

leading to a decrease in the permeate flux (Figure S6.1). In addition, in MF/UF, a 

filtration time of 15 min is common practice in full scale installations. 

Table 6.2 Characteristics of the O/W emulsions, permeate flux and the corresponding 

filtration time per cycle for constant flux filtration experiments. 

O/W emulsion 
Permeate flux 

(L m-2 h-1) 
Filtration 

time (min) 
SDS (mg L-1) pH 

NaCl 
(mM) 

Ca2+ 
(mM) 

Conductivity 
(µs cm-1)  

100 5.6 0 0 31 90 20 

100 5.6 0 0 31 110 16 

100 5.6 0 0 31 110 14 

33 5.6 0 0 10 100 18 

66 5.6 0 0 19 100 18 

100 5.6 0 0 31 100 18 

133 5.6 0 0 40 100 18 

100 8 0 0 31 100 18 

100 10 0 0 31 100 18 

100 5.6 1 0 158 90 20 

100 5.6 10 0 1305 60 12 

100 5.6 100 0 11.58 ms cm-1 50 10 

100 5.6 1 1 352 50 10 

Between the various filtration runs, the membranes were first backwashed at 3 bar 

for 30 s and then they were chemically cleaned with a base solution by soaking them 

in a sodium hydroxide solution (0.01 M NaOH) for 1 h at 65 °C, followed by three times 

rinsing with demineralized water. Afterwards, the membranes were soaked in a citric 

acid solution (0.01M) for another 1 h at 65 °C, as recommended in literature (Fraga et 

al., 2017a; Zsirai et al., 2018). When the permeance of the membranes was not fully 

recovered after the chemical treatment, the membranes were heated at 200 °C for 2 h 
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in a muffle furnace (Nabertherm Controller P 300, Germany). In this way, the 

membrane performance was completely recovered for the next filtration experiment.  

In addition to the filtration experiments, where a constant flux was used during each 

run, flux-stepping experiments were carried out with D0 and D90 to determine the 

membrane threshold flux, as recommended in literature (He et al., 2017a; Miller et al., 

2014b). In this protocol, the permeate flux of the membrane was increased stepwise 

every 20 min from 40 to 80 L m-2 h-1 in an increment of 10 L m-2 h-1. Then the flux was 

further increased by 10 L m-2 h-1 until a flux of 110 L m-2 h-1 was reached with reduced 

filtration times (Table S6.1), as rapid fouling was observed at these high fluxes. TMP 

was continuously monitored during each filtration interval.  

6.2.6. Data analysis  

The initial pressure for each membrane varied due to the permeance differences. In 

order to better compare the membrane performance, the permeance (P) of the 

membranes during filtration were normalized to the initial P0, which was determined 

by the first value in the first cycle where the setting flux was reached.  

The membrane resistance was calculated based on the resistance-in-series model, as 

shown in Eq. (1): 

                  Rt = 
𝑇𝑀𝑃

𝜇𝐽
 = Rm + Rr + Rir                         (1) 

where J is the membrane flux (m/s), TMP is the applied trans-membrane pressure 

(Pa), μ is the dynamic viscosity of the permeate (Pa s), Rt (m-1) represents the total 

resistance, which is consist of intrinsic membrane resistance (Rm), hydraulically 

reversible resistance (Rr), and irreversible unphysical removable resistance (Rir). Rm 

was determined through the filtration of demineralized water and Rt was measured 

according to the final filtration pressure of each filtration cycle of O/W emulsion. The 

fouled membrane was backwashed with demineralized water under a pressure of 3 

bar for 30s and then Rr was measured. Therefore, the Rir could be calculated from Rt - 

Rr - Rm.  

The permeance recovery (Rp) of the membrane was determined by the following 

equation:  

                   Rp = P/P0 x 100%                   (2) 
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where P0 is the initial permeance of the clean membrane, P is the initial permeance of 

the fouled membrane after backwashing with demineralized water or cleaning with 

chemicals.  

The methods used to determine membrane rejection and the results were provided in 

the supplementary information (Figure S6.2, Figure S6.11 and Figure S6.13).   

6.3. Results and discussion  

6.3.1. Characteristics of oil emulsion and membranes 

 

Figure 6.2. (a) Zeta potential of O/W emulsion (0 mM NaCl) stabilized by SDS at different 

surfactant concentrations, and (b) zeta potential of Al2O3 membrane (D0) and SiC-deposited 

membranes (D60, D90 and D120). The conductivity of the O/W emulsion was given in Table 

2.  

Characteristics of O/W emulsions, prepared at various SDS concentrations, were 

evaluated in terms of zeta potential (Figure 6.2a) and oil droplet size (Figure S6.3). 

The O/W emulsions, stabilized with SDS, were negatively charged with a zeta 

potential ranging from -65 to -77 mV. The majority of the oil droplet sizes were in the 

range of 1 to 10 µm and a small amount of even smaller oil droplets (70-100 nm) was 

observed when the concentration of SDS reached 133 mg L-1 (Figure S6.3). The zeta 

potential of the Al2O3 membrane was positive when the pH was lower than 6, while a 

negative surface charge was observed with a solution pH higher than 6 (Figure 6.2b). 

Similar results were also reported by Nagasawa et al. (2020), although in the studies 

by Atallah et al. (2017) and Kosmulski (2011), the IEP of Al2O3 membranes was 

determined to be around 8 or 9. All SiC-deposited membranes had a negative surface 
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charge in the investigated pH range (2-10). The zeta potentials of D90 and D120 were 

similar, but much lower than that of D0 and D60, possibly due to the thicker SiC layer 

on the sample surface with a longer deposition time (Yang et al., 2021). The results of 

other characteristics (pore size distribution, surface morphology, surface 

hydrophilicity and roughness) of the membranes are given in the supporting 

information (Figure S6.4, Figure S6.5, Figure S6.6 and Figure S6.7). Compared to the 

pristine Al2O3 membrane, the deposited membranes had a narrower pore size 

distribution and smaller average pore sizes. 

6.3.2. Comparison of membrane fouling of the membranes 

In chapter 5, we have systematically compared the fouling of pristine and SiC-

deposited ceramic membranes for O/W emulsion filtration. It was concluded that D90 

showed the best fouling control in SiC-deposited membranes. Therefore, D90 and D0 

were used to study the effects of permeate flux, SDS concentration, pH, salinity, and 

Ca2+ concentration on membrane performance in the following sections.  

6.3.3. Effect of permeate flux  

The threshold fluxes of the membrane D0 and D90 were 93 and 87 L m-2 h-1, 

respectively, as determined by the flux-stepping methods (Figure S6.8 and Figure 

S6.9). Therefore, three different permeate fluxes (90, 100, 110 L m-2 h-1), were 

compared to study their effect on membrane fouling. At the flux of 90 L m-2 h-1, close 

to the threshold flux, fouling of the membranes is mainly determined by the foulant-

membrane interaction. When the flux is above the threshold flux (100 and 110 L m-2 

h-1), foulant-membrane and foulant-deposited-foulant interactions can be 

investigated under this condition (Luo et al., 2012).  

The effect of permeate flux on the filtration of the O/W emulsion with the SiC-

deposited membrane (D90) and Al2O3 membrane (D0) is shown in Figure 6.3. At a flux 

of 90 L m-2 h-1, some fouling was observed in both membranes as permeance declined 

with time. The normalized permeance curves of the two membranes were parallel and 

overlapped in the first two cycles, indicating that reversible fouling was similar. With 

more filtration cycles, the permeance curves of D0 shifted down which was not 

observed in D90, suggesting that irreversible fouling happened in D0 (Figure 6.3a). 

When the permeate flux increased from 90 to 100 L m-2 h-1, irreversible fouling 

became larger for both D0 and D90, as observed by lower initial normalized 
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permeance of each cycle. The normalized permeance (84% recovery) of D90 was still 

higher than that (64% recovery) of D0 in the final cycle at the flux of 100 L m-2 h-1.  

During fouling experiments, higher fluxes bring larger amounts of emulsified oil 

foulants per time unit to the membrane surface, increasing foulant accumulation on 

the membrane (Miller et al., 2014a; Miller et al., 2014b). On the other hand, higher 

fluxes cause a stronger drag force acting on oil droplets, which, consequently lead to 

the deformation and coalescence of attached droplets and squeezing of oil droplets 

across the membrane pores, resulting in irreversible fouling of the membrane (Chen 

et al., 2020c; Tummons et al., 2017). As shown in Figure 6.3c, with a further increase 

in the flux to 110 L m-2 h-1, a much higher irreversible fouling was observed in D90, 

compared to the lower fluxes, and close to that of D0. At this high flux, oil coalescence 

and internal fouling are more likely to occur, and therefore hydraulic cleaning became 

ineffective to remove the oil film (Figure 6.3d) (Zhu et al., 2017).  

 

Figure 6.3. Normalized permeance of D0 (black) and D90 (red) compared at various fluxes: (a) 

90 L m-2 h-1, (b) 100 L m-2 h-1, and (c) 110 L m-2 h-1. (d) Force balance on an oil droplet in 

crossflow filtration. The O/W emulsion has a pH of 5.6, oil concentration is 400 mg L-1 and the 

SDS is 100 mg L-1.  
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When the water production during a filtration cycle was the same at the three studied 

fluxes, lower fouling was observed at a lower flux. However, further shortening the 

filtration time to 14 min per cycle at the highest flux (110 L m-2 h-1) could control the 

fouling, especially for SiC-deposited membrane (Figure S6.10). In this case, 

permeance recovery of SiC-deposited membrane increased from 71% to 94%, which 

was higher than that (84%) of the Al2O3 membrane.   

6.3.4. Effect of SDS concentration 

The effect of SDS concentration on fouling of the Al2O3 membrane (D0) and SiC-

deposited membrane (D90) is shown in Figure 6.4. At a low concentration of SDS (33 

mg L-1), the fouling of D90 was much less than that of D0, which can be observed by 

terminal normalized permeance and the recovery of the permeance of each cycle 

(Figure 6.4a). The higher (ir)reversible fouling of D0 was attributed to the lack of 

electrostatic repulsion between the membrane and oil droplets. Increasing the 

concentration of SDS in the feed had a positive effect on the fouling of both membranes, 

especially on the D0. As observed in Figure 6.4b, the permeance recovery in the final 

cycle of D0 and D90 increased from 61% to 70% and from 81% to 87%, when the 

concentration of SDS was increased from 33 to 100 mg L-1, respectively. With a further 

increase in the SDS concentration in the feed to 133 mg L-1, the fouling difference 

between D0 and D90 was further reduced, with a permeance recovery of 81% and 90% 

in the final cycle, respectively. Similar results were reported by Virga et al. (2020) 

(Virga et al., 2020), who found that less flux decline was observed for MF of an SDS 

stabilized O/W emulsion with a commercial SiC membrane, when SDS concentration 

increased from 0.1 to 1 times the critical micelle concentration (CMC). As SDS 

concentration was high (up to the CMC), O/W interfacial tension was considerably 

decreased, potentially leading to oil permeation through the membrane rather than 

accumulating on the membrane surface or in the pores. As a result, a higher permeate 

flux was observed. However, this mechanism cannot explain the results observed in 

our work, as the highest used SDS concentration (133 mg L-1) was less than 0.06 times 

the CMC. In addition, no variations in oil rejection were observed for emulsions 

stabilized with different SDS concentrations (Figure S6.11).   

The reversible and irreversible fouling of D0 and D90 was also evaluated by the 

fouling resistances (Figure S6.12). The Rr and Rir of D0 were considerably decreased, 

from 46 × 1012 m-1 to 1.53 × 1012 m-1 and from 3.57 × 1012 m-1 to 0.7 × 1012 m-1, 

respectively, when the concentration of SDS was increased from 33 to 133 mg L-1. 
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However, the Rr and Rir of D90 were only slightly decreased, from 3.1 × 1012 m-1 to 1.2 

× 1012 m-1 and from 0.95 × 1012 m-1 to 0.4 × 1012 m-1, respectively.  

 

Figure 6.4. Normalized permeance of D0 and D90 compared at various SDS concentrations: 

(a) 33 mg L-1, (b) 100 mg L-1, and (c) 133 mg L-1. The filtration experiments were conducted 

at the flux of 100 L m-2 h-1, O/W emulsion has a pH of 5.6, and the oil concentration is 400 mg 

L-1.  

 

Figure 6.5. Proposed fouling mechanism of (a) Al2O3 and (b) SiC membranes during filtration 

of SDS stabilized O/W emulsions at various SDS concentrations.  
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The SiC-deposited membrane was negatively charged while the Al2O3 membrane had 

a positive surface charge at a pH of 5.6 (Figure 6.2b). A higher negative charge of the 

emulsion was observed with increasing SDS concentration, as determined with the 

zeta potential of the emulsions, prepared with various SDS concentrations (Figure 

6.2a). According to the adsorption model proposed by Gu and Zhu (1990), the 

adsorption of surfactant at the liquid/solid surface takes place in two steps. In the first 

step, the head groups of surfactant monomers preferably adhere to the hydrophilic 

membrane surfaces to form the first layer. Subsequently, a second layer is adsorbed 

on the first one (Nguyen et al., 2015). In addition, a slight decline of permeance of the 

Al2O3 membrane was observed for SDS solution filtration, indicating that SDS was 

adsorbed on the Al2O3 membrane. However, no adsorption of SDS on the SiC-

deposited ceramic membranes was observed as the permeance maintained constant 

(Figure S6.13). Therefore, the following fouling mechanism was proposed and is 

schematically shown in Figure 6.5. At a low SDS concentration (33 mg L-1), most of the 

surfactants were used to stabilize the oil droplets, leaving a low concentration of free 

SDS monomers in the solution. The negatively charged head of the SDS (and 

hydrophilic) will be attached to the positively charged Al2O3 membrane surface due 

to electrostatic attraction, leaving the hydrophobic tails towards the bulk phase 

(Dobson et al., 2000). This forms a hydrophobic surfactant monolayer on the surface 

and therefore increases the fouling of D0 (Fernández et al., 2005; Matos et al., 2016). 

Increasing the SDS concentration, however, will result in a higher concentration of 

free surfactant monomers in the solution, and probably a new monolayer is formed 

on top of the pre-covered single monolayer on the membrane surface. In this case, the 

hydrophilic head (and negatively charged) of SDS is oriented towards the bulk phase 

as a result of hydrophobic interactions. Thus, the surface charge of the Al2O3 

membrane is reversed from positive to negative (and again hydrophilic), which 

prevents the adsorption of oil droplets and alleviates the membrane fouling. The 

charge inversion of the membrane by surfactant has also been reported by Trinh et al. 

(2019), who found that surfactant-soaked membranes had the same charge as the 

surfactant-stabilized emulsion regardless of the surfactant type. However, surfactants 

and oil droplets can be hardly adsorbed on the membrane surface and in the 

membrane pores of the SiC-deposited membranes due to electrostatic repulsion (Lin 

and Rutledge, 2018; Zhang et al., 2009). The slightly improved fouling resistance of 

the SiC-deposited membranes can be ascribed to the enhanced electrostatic repulsion 

between the membrane and oil droplets with increased SDS concentration in the feed.   
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6.3.5. Effect of pH  

To determine the effect of pH on membrane fouling, filtration experiments were 

conducted at three different pH values (Figure 6.6). We chose pH 5.6 as the starting 

point to study the fouling of the two membranes as it is the native pH of the fresh O/W 

emulsion. In addition, this pH is commonly observed in oily wastewater (Wenzlick and 

Siefert, 2020). In all cases, the fouling was less in the SiC-deposited membrane than in 

the Al2O3 membrane. In addition, both membranes experienced a decrease of fouling 

with an increase in pH. Specifically, the normalized initial permeance of D0 and D90 

in the final filtration cycle increased from 64% to 89%, and 85% to 93%, when pH 

increased from 5.6 to 10, respectively. This pH dependency can be attributed to the 

fact that, as pH increases, the surface charge of the membrane becomes more negative 

(Zhang et al., 2009). As shown in Figure 6.2a, the zeta potential of the SiC-deposited 

membrane (D90) decreased from -37 mv to -44 mv with an increase in pH from 5.6 to 

10, respectively. Consequently, the membrane surface was less prone to be fouled by 

the negatively charged oil droplets due to the stronger electrostatic repulsion. 

However, the surface charge of the Al2O3 membrane was positive at a pH of 5.6, and 

therefore more fouling was observed as it favourably interacted with the negatively 

charged solutes. The positively charged (+8 mv) surface was changed into negative (-

49 mv) when filtering the feed with a pH of 10, and, therefore, electrostatic interaction 

became repulsive and contributed to decreased fouling (Abadikhah et al., 2018; Lee 

and Kim, 2014). Although the zeta potentials of Al2O3 and SiC-deposited membranes 

were similar at a pH of 10, the fouling of the SiC-deposited membrane was still lower 

than that of the Al2O3 membrane. This can possibly be ascribed to the stronger 

hydrophilic surface of the SiC-deposited membrane (water contact angle = 0°) than 

that of the Al2O3 membrane (water contact angle = 25°) (Figure S6.6). Xu et al. (2020) 

also compared the fouling of Al2O3 and SiC hollow fiber membranes for MF of O/W 

emulsions, a higher flux was observed for the more hydrophilic SiC membrane.    
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Figure 6.6. Normalized permeance of D0 and D90 compared at various pH: (a) pH = 5.6, (b) 

pH = 8, and (c) pH = 10. The filtration experiments were conducted at the constant flux of 100 

L m-2 h-1, oil concentration is 400 mg L-1 and the SDS is 100 mg L-1.  

6.3.6. Effect of salinity and Ca2+ 

It has been reported that the surface charge of oil emulsions and membranes 

decreases with the concentration of NaCl due to the compressed electrical double 

layer (He et al., 2017a; Tanudjaja et al., 2017). Although the droplet size of oil was not 

changed with the salinity (Figure S6.3), as shown in Figure 6.7, the fouling of both D0 

and D90 became higher when NaCl concentration increased from 1 mM to 100 mM. 

However, the fouling of D90 was much lower than that of D0 when NaCl concentration 

was lower or equal to 10 mM. This indicates that the surface charge of the SiC-

deposited membrane still had an effect on the fouling by oily wastewater with 

relatively low salinity, whereas, much more fouling was observed for both membranes 

when NaCl concentration reached 100 mM. At that salinity (100 mM NaCl), the flux 

recovery of D90 was close to that of D0, suggesting that irreversible fouling of the two 

membranes were similar. Probably, because, oil droplets were not easily lifted off the 

membrane with backwash, due to charge screening and an increase of cake layer 

density (Dickhout et al., 2019; He and Vidic, 2016).  

Divalent cations such as Ca2+ and Mg2+ can also be present in oily wastewater. Their 

presence may accelerate membrane fouling due to more compression of the diffusion 

double layer compared to monovalent ions (Dickhout et al., 2017). As shown in Figure 

6.7D, the membrane fouling was worse when 1 mM Ca2+ was added to the emulsions 

and the backwashing was not effective anymore to restore the permeance. Therefore, 

the irreversible fouling was considered to be the main contributor to the membrane 

fouling. This can be explained by two effects of Ca2+ in the emulsion: (1) lower 

electrostatic charge of oil droplets and membranes are to be expected due to a 
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compressed electrostatic layer when Ca2+ is present in the emulsion (Hong and 

Elimelech, 1997). Therefore, droplet coalescence on the membrane surface is 

promoted leading to a less permeable cake layer (Tummons et al., 2017); (2) SDS can 

interact with divalent Ca2+, which may cause the formation of a complex between Ca2+ 

and the sulphate group of SDS (Panpanit et al., 2000; Sammalkorpi et al., 2009). As a 

result, less SDS molecules exist in the emulsion, as confirmed by permeate COD 

(Figure S6.14), leading to a higher irreversible fouling of the membranes (Virga et al., 

2020). However, the irreversible fouling of D90 was still lower than that of D0, even 

though the electrostatic repulsion became weaker. Tummons et al. (2017) studied the 

effect of Mg2+ on the fouling of an Al2O3 UF membrane by SDS stabilized emulsions. 

The presence of Mg2+ (6.7 mM) in the emulsion was observed to promote the 

coalescence of oil droplets on the membrane surface, leading to a higher flux decline 

of the membrane due to the less porosity of the cake layer. When the Mg2+ 

concentration was sufficiently high (42.6 mM), attached oil droplets coalesced to 

reach a critical size, which can probably be removed by crossflow to minimize the 

fouling in the constant pressure filtration condition.   

 

Figure 6.7. Normalized permeance of D0 and D90 compared at various concentrations of NaCl 

and 1 mM Ca2+: (A) 1 mM NaCl, (B) 10 mM NaCl, (C) 100 mM NaCl and (D) 1 mM NaCl + 1 mM 
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Ca2+. The emulsion has an oil concentration of 400 mg L-1, pH of 5.6 and the SDS of 100 mg L-

1. 

6.3.7. Membrane cleaning efficacy  

After filtration of O/W emulsions at high fluxes during multiple cycles, accumulation 

of irreversible fouling in membranes was inevitable. The permeance recovery of D0 

and D90 were compared after backwashing, after NaOH (0.01 M) and after citric acid 

(0.01 M) cleaning (Figure 6.8). The efficacy of backwashing was investigated after six 

cycles of filtration at a flux of 110 L m-2 h-1, as was previously shown in Fig. 3c. The 

permeance recovery after backwashing of D90 (64%) was higher than that of D0 

(45%), probably due to less sticky fouling in the membrane and to a more efficient 

backwashing. After soaking the membranes in NaOH (0.01 M) solution at 65 °C for 1 

h, the permeance recovery of D0 and D90 reached up to 80% and 84%, respectively. 

The permeance of D90 could be further recovered to 98% after citric acid (0.01 M, 

65 °C) treatment for 1h, while the permeance of D0 could only be recovered to 84%. 

A high permeance recovery (100%) was also observed by Fraga et al. (2017a) when 

using both acid and alkaline solutions to clean SiC membranes at 60 ± 5 °C after 

filtration of oily wastewater. However, the permeance recovery of D90 was lower, but 

still higher than that of D0, after filtration of O/W emulsions with either high salinity 

(100 mM NaCl) or the presence of Ca2+ (Figure S6.15).  
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Figure 6.8. Permeance recovery of D0 and D90 with backwashing (3 bar/30s), NaOH (0.01 M, 

65 °C) cleaning and citric acid (0.01 M, 65 °C) cleaning. The membranes were fouled after 6 

cycles of O/W emulsion filtration at a constant flux of 110 L m-2 h-1, oil concentration of 400 

mg L-1 and pH of 5.6.  

 

6.4. Conclusion 

The performance of Al2O3 and SiC-deposited ceramic membranes was 

systematically compared during constant flux filtration of O/W emulsion with 

multiple filtration cycles. Both the operation and solution chemistry parameters 

affected the membrane fouling, while the extents varied, depending on the 

emulsion characteristics and operational parameters. The following conclusions 

were drawn:  

• SiC-deposited membranes had a lower reversible and irreversible fouling 

than Al2O3 membranes, when, in multiple filtration cycles, the permeate flux 

was smaller or equal to 100 L m-2 h-1. The fouling of both membranes was 

similar when the flux reached to 110 L m-2 h-1.  

• Increasing the concentration of SDS in the feed decreased fouling of both 

membranes, and a larger effect was observed for the Al2O3 membrane. The 

improved fouling resistance of the Al2O3 membrane can be ascribed to the 

effect of surfactant adsorption and charge inversion, while the enhanced 
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electrostatic repulsion between the membrane and oil droplets was 

responsible for the lower fouling of the SiC-deposited membrane.  

• The fouling of both Al2O3 and SiC-deposited membranes was reduced with 

increased pH due to the more negative zeta potential of the membrane 

surface and thus a stronger electrostatic repulsion.  

• The fouling of the SiC-deposited membrane was less with a low salinity 

emulsion (1 and 10 mM NaCl), while only a small difference in irreversible 

fouling was observed for Al2O3 and SiC-deposited membranes for high 

salinity emulsions (100 mM NaCl) due to charge screening effect.  

• The presence of a low concentration of Ca2+ (1 mM) in the emulsion led to 

high irreversible fouling for both membranes.  

• The chemical cleaning efficacy of the SiC-deposited membrane was higher 

than that of the Al2O3 membrane.  
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Supplementary information  

S6.1. Oil-in-water emulsion filtration with extended time 

 

Figure S6.1. Oil-in-water emulsion filtration at a constant flux of 100 LMH by pristine alumina 

ceramic membrane with a crossflow velocity of 0.44 m/s. The emulsion had an oil 

concentration of 400 mg L-1 and pH of 5.6. 

S6.2. Calibration line of oil concentration 

 

Figure S6.2. Linear relationship of oil concentration with UV-vis absorbance.  

The oil concentration of the samples was measured by a UV/Vis spectrophotometer 

(GENESYS 10S UV-Vis, Thermo scientifical, US) at 275 nm (Zhou et al., 2010), while 

chemical oxygen demand (COD) of the samples was measured by a Hach 

spectrophotometer (DR 3900, US) with COD cuvettes (LCK 514 and LCK 314, Hach) 
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(Marchese et al., 2000). The feed with various dilution times was used to make a 

calibration line (between oil concentration and absorbance) (Figure S6.2) with a 

regression coefficient higher than 0.999. Then the oil and COD rejection of the 

membranes were calculated by Eq. (S1):  

                  R = (1 - 
𝐶𝑝

𝐶𝑓
 ) × 100%                  (S1) 

where R is the rejection, Cp is the oil (mgL-1) or COD concentration (mgL-1) in the 

permeate, and Cf is the oil (mgL-1) or COD concentration (mgL-1) in the feed.  

 

S6.3. Oil droplet size distribution  

 

Figure S6.3. The droplet size distribution of oil in O/W emulsions at various concentrations of 

surfactant (A) and NaCl (B). No NaCl was added in the emulsion in (A) and the surfactant 

concentration is 100 mg/L in (B).  

 

 

 

 

 

 



▪ Chapter 6                                                                                                          

151 

 

S6.4. Characterization results of the membranes 

 

Figure S6.4. Pore size distribution of the membranes before and after SiC deposition.  

 

 

Figure S6.5. Surface SEM images of the alumina membrane and SiC-deposited ceramic 

membranes, (a) D0, (b) D60, (c) D90, and (d) D120.  
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Figure S6.6. Water contact angle of the alumina membrane and SiC-deposited ceramic 

membranes, (A) D0, (B) D60, (C) D90, and (D) D120.  

 

 

Figure S6.7. AFM micrographs and surface roughness of the alumina membrane and SiC-

deposited ceramic membranes, (A) D0, (B) D60, (C) D90, and (D) D120. 
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S6.5. Flux stepping experiment 

Table S6.1. The permeate flux and corresponding filtration time in flux stepping 

experiment.  

Permeate flux (LMH) 40 50 60 70 80 90 100 110 

Filtration time (min) 20 20 20 20 20 19 15 10 

 

 

 

Figure S6.8. Flux stepping experiments with alumina (D0) and SiC-deposited (D90) 

membranes for 400 mg/L oil emulsion filtration (pH = 5.6, 66 mg/L SDS). The flux was 

gradually increased in 20-min, constant flux intervals from 40 to 110 LMH. The filtration time 

was reduced for fluxes of 90, 100, and 110 LMH as rapid fouling was observed at these high 

fluxes. TMP was continuously measured during each filtration interval. 

 

 

 

  

D0 D90 



▪ Chapter 6                                                                                                          

154 

 

S6.6. Threshold flux determination 

In a laboratory study, threshold flux is typically estimated using a flux stepping 

technique. Three methods have been used to determine the threshold flux of the 

membrane based on the obtained data from flux stepping experiments (Kasemset et 

al., 2016; Miller et al., 2014b). The first method is to calculate the average fouling rate 

(d(TMP)/dt) values at each flux step. In the second method, TMPavg was first 

calculated from an average of TMP values recorded during each flux step. Then a linear 

regression of TMPavg was drawn to estimate the threshold flux (Figure S6.9). This 

method was considered as most accurate one among the three methods (Kirschner et 

al., 2017). The third method used for threshold flux determination is ΔTMP, which is 

the TMP difference between the linear regressions of TMP data recorded over two 

adjacent flux steps at the time of flux increase. In this work, however, we only used 

the second method to determine the threshold flux of alumina (D0) and SiC-deposited 

(D90) membranes. The determined threshold flux of D90 (93 LMH) is higher than that 

of D0 (87 LMH), which indicates a better fouling resistance was obtained for SiC-

deposited membrane.  

 

Figure S6.9. Threshold flux determination for alumina (D0) and SiC-deposited (D90) 

membranes challenged with 400 mg/L mineral oil emulsion feed (pH = 5.6, 66 mg/L SDS). 

The threshold flux is determined by TMPavg method in (A) D0 and (B) D90, respectively. Values 

plotted as a function of flux are obtained from the experimental data in Fig. S6.8. The threshold 

flux values are denoted by the arrows pointing to the flux axis.  

S6.7. Effect of filtration time on membrane fouling 

At the permeate flux of 110 Lm-2h-1, serious fouling was observed in D0 and D90 at a 

filtration time of 16 min per cycle as oil droplets were easier to be dragged onto the 
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membrane surface as well as inside the pores at a higher flux (Fig. 3c). In order to 

reduce the irreversible fouling accumulated in each cycle at high flux, the filtration 

time can be shortened. As shown in Figure S6.10, both D0 and D90 experienced less 

fouling after reducing the filtration time per cycle to 14 min. The reversible and 

irreversible fouling of both membranes were much lower than the case filtered at a 

filtration time of 16 min per cycle. For example, the normalized permeance of D0 and 

D90 in the final filtration cycle was increased from 68% and 71% to 84% and 94% 

respectively. In addition, the reduced filtration time is more effective for D90 as less 

irreversible fouling was accumulated in the membrane. Despite the membrane fouling 

was well controlled with reduced filtration time, but less water was produced in this 

case as a higher percentage of permeate need to be used for backwashing.  

 

Figure S6.10. Normalized TMP (A) and permeance (B) of D0 and D90 compared at a filtration 

time of 14 min per cycle. The filtration experiments were conducted at the flux of 110 Lm-2h-

1, O/W emulsion has a pH of 5.6, the oil concentration is 400 mgL-1 and the SDS is 100 mgL-1.  
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S6.8. Effect of SDS concentration on fouling resistance and oil rejection of the 

membranes 

Oil rejection of both membranes was not affected by the SDS concentrations in the 

feed, despite the oil rejection of D0 (99.5%) being a little lower than that of D90 

(100%), as presented in Figure S6.11. The average sizes of oil droplets prepared at 

various SDS concentrations were similar and much larger than the membrane pore 

sizes (Figure S6.3), leading to the high rejection of oil for both membranes. The SiC-

deposited membrane (D90) probably removed all oil droplets from the emulsions due 

to the combination of a smaller pore size, compared to D0, and electrostatic repulsion 

between the oil droplets and membrane surface. The observed oil rejection was much 

higher than those reported in literature (Virga et al., 2020; Xu et al., 2020) probably 

due to the smaller pore size of the membranes. Free SDS molecules gave the main 

contribution to COD in the permeate, since they can easily pass the membrane as they 

are much smaller as compared with the membrane pore sizes (71 and 54 nm). 

Therefore, a higher COD concentration was found in the permeate at a higher 

concentration of SDS in the feed (Figure S6.11).  

 

Figure S6.11. COD concentration (a) in the permeate and oil rejection (b) of D0 and D90 at 

various SDS concentrations. The O/W emulsion filtration experiments were conducted at the 

constant flux of 100 Lm-2h-1, oil concentration of 400 mgL-1 and pH of 5.6.  
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Figure S6.12. Fouling resistance of D0 (A) and D90 (B) challenged with oil emulsions at 

various SDS concentrations.   

 

S6.9. Permeance of the ceramic membranes with and without SDS adsorption 

 

Figure S6.13. Normalized permeance of the ceramic membranes when filtering pure water 

and SDS solution (100 mg/L): (A) alumina (D0) and (B) SiC-deposited (D90) membranes.  
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S6.10. Effect of salinity and Ca2+ on oil and COD rejection of the membranes  

A lower rejection of oil and COD was observed for high salinity emulsions (100 mM 

NaCl) (Figure S6.14). Due to the decreased oil-water interfacial tension with the 

increase in emulsion salinity, oil deformation is easier and penetration should occur 

(Virga et al., 2020).  

 

Figure S6.14. (a) Oil rejection, (b) COD and (c) COD rejection of alumina (D0) and SiC-

deposited (D90) membranes for 400 mg/L oil emulsion filtration (pH = 5.6, 100 mg/L SDS) 

with 1 mM NaCl, 10 mM NaCl, 100 mM NaCl and 1 mM NaCl + 1 mM Ca2+, respectively.  
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S6.11. Chemical cleaning  

 

Figure S6.15. Chemical cleaning efficacy of alumina (D0) and SiC-deposited (D90) membranes 

for emulsion filtration with (A) 100 mM NaCl and (B) 1 mM NaCl + 1 mM Ca2+, respectively.  
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Conclusion and outlook 
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7.1. General conclusions  

Ceramic membrane filtration has been considered to be more effective for oily 

wastewater treatment, compared to their polymeric counterparts, due to high 

chemical and thermal stability, higher hydrophilic surface and lower fouling tendency.  

In this thesis, we developed a composite SiC-deposited ceramic membrane for oil-in-

water (O/W) emulsions separation. Such membranes were successfully deposited on 

Al2O3 supports by low pressure chemical vapor deposition (LPCVD) at low 

temperatures (750 °C). The fouling of these newly developed SiC-deposited ceramic 

membranes was closely related to their deposition parameters, filtration conditions 

(e.g., permeate flux, filtration mode) and feed (O/W emulsion) characteristics. On the 

one hand, depositing a SiC layer enhanced the repulsive forces between the membrane 

surface and oil droplets. On the other hand, it reduced the membrane permeance. 

Therefore, it is important to consider the trade-off between the decrease in 

permeance and the enhancement of repulsive force between the membrane surface 

and oil droplets in relation to membrane fouling. In addition, we found that constant 

flux filtration was more suitable for assessing the membrane fouling for O/W 

emulsions filtration, especially when membrane modification was involved. 

Compared to constant pressure filtration, this filtration mode made it easier to 

observe the effects of both permeance and surface properties on membrane fouling. 

Furthermore, we experimentally verified that the membrane fouling was strongly 

affected by the characteristics of O/W emulsions, including surfactant concentration, 

pH, salinity and concentration of divalent ions.  

Overall, we successfully demonstrated that SiC-deposited ceramic membranes have 

lower fouling characteristics than that of the pristine Al2O3 membranes. Although 

there are still limitations, our SiC-deposited membranes showed the potential for 

further development. 

7.2. Specific conclusions on the formulated research questions 

In the following the specific conclusions, based on the formulated research questions 

of the thesis (see Chapter 1) are highlighted.  
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7.2.1. Highly permeable SiC-deposited Al2O3 ceramic membranes developed by 

LPCVD 

Commercial SiC membranes are generally prepared via solid-state sintering at 

relatively high temperatures (up to 2000 °C). The production suffers from long 

production time and high costs. In Chapter 4, we demonstrated a more economical 

way to produce SiC-deposited ceramic membranes based on low-pressure chemical 

vapour deposition at a low temperature of 750 °C. The pure water permeance and 

pore sizes of the SiC-deposited ceramic membranes showed a linear relationship with 

the deposition time (0-120 min). In addition, the water permeance of the SiC-

deposited ceramic membranes was much higher than those reported in literature 

with a similar pore size. This creates opportunities to develop low-fouling SiC 

membranes with tuned pore sizes on relatively cheap supports.  

7.2.2. Fouling comparison at constant flux and constant transmembrane pressure 

conditions 

Both constant pressure and constant flux filtrations can be applied to evaluate 

membrane fouling. Constant pressure filtration is more commonly used at laboratory 

scale as it is easier to build up. In practice, constant flux filtration is preferred to 

maintain a fixed water production. When it comes to compare membrane fouling 

before and after modification, it was found that the filtration mode has an influence 

on the performance.  

In Chapter 5, we systematically compared the membrane fouling of a pristine alumina 

membrane and SiC-deposited membranes at the two filtration modes. In constant 

pressure filtration mode, membrane fouling was found to be only related to the 

permeance of the membranes, while the effect of surface properties was not observed. 

In contrast, in constant flux filtration, the improved surface hydrophilicity and charge 

of the modified membranes could improve membrane fouling resistance and it was 

even enhanced when backwash was incorporated. However, extensive modification 

had a negative impact on membrane fouling due to the huge loss of membrane 

permeance. Therefore, constant flux filtration with backwash is recommended to 

evaluate the membrane fouling before and after modification.  
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7.2.3. Fouling comparison of alumina membranes with and without a silicon 

carbide deposition in constant flux filtration mode 

Membrane fouling is strongly affected by many factors such as feed characteristics, 

membrane properties and operational parameters (Chapter 2). In addition, oily 

wastewater normally has a complex composition, and each of them has been 

considered to have a contribution to membrane fouling.  

In Chapter 6, the effects of emulsion chemistry (surfactant concentration, pH, salinity 

and Ca2+) and operation parameters (permeate flux and filtration time) were 

comparatively evaluated for alumina and silicon carbide (SiC) deposited ceramic 

membranes. The SiC-deposited ceramic membranes showed a lower reversible and 

irreversible fouling when permeate flux was below or around the threshold flux. In 

addition, it exhibited a higher permeance recovery after physical and chemical 

cleaning, as compared to the alumina membranes. Increasing sodium dodecyl 

sulphate (SDS) concentration in the feed decreased the fouling of both membranes, 

but to a higher extent in the alumina membranes. The double layer adsorption of SDS 

on the alumina membrane surface was considered to be the main reason for the 

alleviation of membrane fouling. The fouling of both membranes could be reduced 

with increasing the pH of the emulsion, due to the enhanced electrostatic repulsion 

between oil droplets and membrane surface. Because of the screening of surface 

charge in a high salinity solution (100 mM NaCl), only a small difference in irreversible 

fouling was observed for alumina and SiC-deposited membranes under these 

conditions. The presence of Ca2+ in the emulsion led to high irreversible fouling of both 

membranes, because of the compression of diffusion double layer and the interactions 

between Ca2+ and SDS. The low fouling tendency and/or high cleaning efficacy of the 

SiC-deposited membranes indicated their potential for oily wastewater treatment.  

7.3. Outlook  

Although the successful deposition of SiC on Al2O3 membranes was demonstrated in 

this thesis, several challenges still remain: 

7.3.1. Stability of SiC layer during chemical cleaning process 

The fouling of ceramic membranes can be well controlled by regular backwashing in 

a short period. However, hydraulically irreversible fouling is gradually accumulated 

in membranes and must be removed by chemical cleaning to recover the membrane 
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performance and to reduce energy consumption. For this reason, the chemical 

stability and integrity of membranes is of importance to ensure their long-term 

filtration performance. For chemical cleaning, acid (e.g., HCl), base (e.g., NaOH) and 

hypochlorite (NaClO) are generally applied to remove organic and/or inorganic 

pollutants. Among them, NaClO is the most used reagents for ceramic membrane 

cleaning in water industry. The SiC layer, deposited by LPCVD, is amorphous, and the 

stability of such a layer was tested in acid and base solutions in a previous study by 

Morana (2015). Although the layer was confirmed to be stable in these aggressive 

solutions, the stability should be further verified, especially using a NaClO solution. If 

these amorphous SiC layers cannot withstand the NaClO solution, the deposition 

parameters should be optimized to obtain a crystalline layer at a higher temperature, 

which is supposedly more stable than their amorphous counterparts.  

7.3.2. Developing SiC ultrafiltration and nanofiltration ceramic membranes  

Currently, commercial SiC membranes are only made in the microfiltration (MF) 

range with pore sizes of 200 nm. SiC MF membranes are mainly used to remove large 

particles such as oil droplets, and they are not effective to reject organic solvents, 

small molecules and ions present in industrial waste streams. Considering the high 

hydrophilic and negatively charged surface of SiC, it can be expected that ceramic 

ultrafiltration (UF) and nanofiltration (NF) membranes, prepared with SiC, could 

provide a higher rejection and lower fouling property, compared to those currently 

prepared with ZrO2 and TiO2 at similar pore sizes. The technique of LPCVD has shown 

promising results on the linear tunability on pore sizes of supports in the UF range, 

which creates opportunities to produce low-fouling SiC UF membranes on various 

supports.  

Atomic layer deposition (ALD), a technique to coat atomic-scale thin films based on 

self-limiting gas-phase growth mechanism, has also been considered as an potential 

route for the fabrication and modification of ceramic membranes (Weber et al., 2019; 

Yang et al., 2018a). In a study by Shang et al. (2017), tight ceramic NF was prepared 

by atmospheric pressure atomic layer deposition (APALD). This membrane ended up 

with a molecular weight cut-off (MWCO) of 300 Da, while maintaining a higher water 

permeability than commercially available ceramic NF membranes. This low MWCO of 

ceramic NF membranes could not be achieved by the most commonly applied sol-gel 

method (Kramer, 2019). The coating of SiC thin films with a few nanometer’s 

thickness by ALD has been reported on silicon wafers with the same precursors as 
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used for LPCVD equipment (Nagasawa and Yamaguchi, 1993; 1994; Yagi and 

Nagasawa, 1997). Combined with other coating techniques, ALD may thus provide an 

opportunity to prepare SiC NF membranes for wastewater treatment, organic solvent 

separation and resource recovery from wastewater. 

7.3.3. Ceramic membranes towards produced water treatment  

Produced water, a by-product in oil & gas production, is one of the most complicated 

waste streams in industry. Besides the complex composition, one of the typical 

characteristic of produced water is the high salinity due to the abundance in ions and 

salts (Wenzlick and Siefert, 2020). The high salinity of produced water is supposed to 

negatively affect the electrostatic interactions between the charged foulants and 

charged membrane surfaces, because of the compressed double layer (Chapter 6). 

From this perspective, the focus of modifying ceramic membranes for produced water 

treatment should be on enhancing surface hydrophilicity (e.g., through the use of TiO2, 

ZrO2, graphene oxide or SiC) and designing regular surface patterns to induce fluid 

turbulence rather than surface charge. In addition, to reduce membrane fouling 

during produced water treatment, dynamic membranes, developed via pre-coating a 

protective layer on the membrane surface under pressure filtration, are a promising 

alternative (Anantharaman et al., 2020). This protective layer can effectively inhibit 

the direct contact of foulants from membrane surface, thereby decreasing membrane 

fouling. Once the protective layer is fouled, it can easily be removed with chemicals. 

Afterwards, a new protective layer can be formed in a same way for the next filtration 

cycle.  
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Summary  
Water scarcity, population growth, and climate change are causing a shortage of water 

resources globally. Industries are turning to the reclamation and reuse of wastewater, 

including oily wastewater, which is a major byproduct of oil and gas extraction. The small 

droplet size of oil-in-water emulsions, however, makes them difficult to remove using 

traditional methods like coagulation and flocculation, gravitational settling, dissolved air 

flotation, hydrocyclone, and adsorption. 

Membrane separation has emerged as one of the most promising techniques to deal with 

oil-in-water emulsions due to its high removal efficiency and small footprint. The main 

challenge for the wider adoption of membrane technology for oily wastewater treatment 

is membrane fouling. Membrane fouling is a pervasive problem in water purification 

membranes. It could cause serious negative effects, such as a decline in water production, 

higher operational pressure and associated higher energy consumption. 

Ceramic membranes, particularly SiC membranes, are a promising method for removing 

small oil droplets from water. They are physically and chemically stable and have high 

fouling resistance to oil droplets. SiC membranes have better permeability and lower 

fouling tendency compared to other ceramic membranes. However, their high cost limits 

their widespread application in the market.  

In this research, extensive literature reviews were first performed (Chapters 2 and 3) and 

then we proposed a new method, low-pressure chemical vapor deposition (LPCVD), to 

prepare SiC-deposited ceramic membranes for oily wastewater treatment. With LPCVD, a 

layer of SiC was deposited on alumina supports at a lower temperature (750 ˚C), compared 

to 2000 ˚C for commercial SiC preparations. Due to the low water contact angle (< 5˚) and 

negatively charged surface, these SiC-deposited alumina ceramic membranes are 

expected to be more fouling resistant to oil emulsions than the pristine alumina 

membranes. The performance of deposited membranes is influenced not only by the 

coated SiC layer but also by the filtration modes used for evaluation. As a result, we 

respectively used constant pressure and constant flux filtration to assess the fouling of 

ceramic membranes with and without SiC deposition. Additionally, the emulsion 

chemistry, such as surfactant concentration, pH, salinity, and Ca2+, plays a crucial role in 

the interactions between oil droplets and the membrane surface, which can cause 

membrane fouling. Understanding these mechanisms can be a crucial step towards the 

feasibility of using LPCVD to prepare SiC membranes for treating oily wastewater with 

lower fouling.  

First, novel SiC-deposited ceramic membranes were developed by LPCVD at a relatively 

low temperature (750 ˚C) (Chapter 4). Different deposition times varying from 0 to 150 
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min were used to tune membrane pore size. The pure water permeance of the 

membranes only decreased from 350 L m-2 h-1 bar-1 to 157 L m-2 h-1 bar-1 when the 

deposition time was increased from 0 to 120 min. Correspondingly, the membrane pore 

size was narrowed down from 71 to 47 nm. Increasing the deposition time from 120 to 

150 min mainly resulted in the formation of a thin, dense layer on top of the support 

instead of in the pores. Notably, the SiC layer rendered the pristine membrane surface 

more hydrophilic and negatively charged, effectively reducing membrane fouling during 

oil emulsion filtration.  

Next, the fouling of SiC-deposited ceramic membranes and the pristine alumina 

membrane was respectively compared at constant pressure and constant flux filtration 

conditions (Chapter 5). The threshold flux of the membranes was first determined by flux-

stepping experiments. Afterwards, membrane filtration was respectively conducted at 

below and above the threshold flux. In single cycle constant flux filtration experiment, the 

fouling tendency of the membranes was consistent with the results of threshold flux 

experiments. However, the inclusion of backwash in constant flux experiments led to a 

change in the fouling tendency, which was also dependent on the permeate flux. The 

improved surface hydrophilicity and charge made backwash more efficient for the 

modified membranes while extensive modification has a negative effect on membrane 

fouling resistance due to the huge loss in membrane permeance. In contrast, constant 

transmembrane pressure experiments showed that the order of membrane fouling was 

only related to membrane permeance, and no effect of surface properties was observed. 

Therefore, constant flux filtration experiments with backwash are recommended to be 

applied to evaluate the performance of the membranes with and without modification. 

Finally, the impact of emulsion chemistry and operational parameters on the fouling of 

alumina membranes with and without a SiC deposition was systematically studied under 

constant flux filtration mode with backwash (Chapter 6). The results showed that the SiC-

deposited membrane had a lower reversible and irreversible fouling when permeate flux 

was below 110 Lm-2h-1. In addition, a higher permeance recovery after physical and 

chemical cleaning was observed, as compared to the alumina membranes. The fouling of 

both membranes was decreased with the increase of sodium dodecyl sulphate (SDS) 

concentration in the feed, but to a higher extent in the alumina membranes. Increasing 

the pH of the emulsion could reduce the fouling of both membranes due to the enhanced 

electrostatic repulsion between oil droplets and membrane surface. Under high salinity 

conditions (100 mM NaCl), the screening of surface charge resulted in only a small 

difference in irreversible fouling between the alumina and SiC-deposited membranes. The 

presence of Ca2+ in the emulsion led to high irreversible fouling of both membranes, 

because of the compression of diffusion double layer and the interactions between Ca2+ 
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and SDS. The low fouling tendency and/or high cleaning efficiency of the SiC-deposited 

membranes indicated their potential for oily wastewater treatment.  

Overall, this dissertation shows that the fouling of SiC-deposited ceramic membranes is 

lower than that of the pristine alumina membranes towards oil-in-water emulsion 

treatment. Although there are still limitations, these SiC-deposited membranes show the 

potential for further development. 
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