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Propositions accompanying the dissertation 

CATALYTIC CERAMIC NANOFILTRATION FOR DIRECT SURFACE WATER TREATMENT AND FENTON CLEANING  

by 

Bin LIN 

1. Pre-filtration with iron-based catalyst suspensions pre-coats the catalyst on the ceramic 

nanofiltration membrane surface and not within the inner pores (this thesis). 

2. The combination of Fenton oxidation and oxalic acid relaxation fully removes both the cake and 

adsorptive fouling on an iron oxide pre-coated ceramic nanofiltration membrane (this thesis). 

3. Fenton cleaning alone completely removes the cake layer fouling of an iron oxychloride pre-

coated ceramic nanofiltration membrane, while partially removing the adsorptive fouling (this 

thesis). 

4. The total permeate production of ceramic nanofiltration is not influenced by the remaining 

adsorptive fouling after cleaning, since the adsorptive fouling always only occurs at the beginning 

of the cycle (this thesis). 

5. Cleaning efficacy of a membrane process should be evaluated according to the flux recovery 

measured with a foulant solution rather than measured with pure water. 

6. The design and operation of a surface water treatment plant using membrane technologies 

should not only focus on the rejection of the pollutants, but also on the efficient and eco-friendly 

cleaning of the membranes. 

7. When designing a hybrid water treatment process for removing organic matter, the synergistic 

effect should be considered in relation to the specific characteristics of the organic matter. 

8. Multi-stage pre-treatment of surface water is unnecessary for drinking water production, when 

an alternative single-step method has the ability to adapt to the complex water matrix. 

9. During the development of an international PhD candidate, research institutions should consider 

his/her future career competitiveness in his/her country of origin. 

10. Never let yourself fall down only for a tough moment in your life, since being alive as the sun rises 

is the best news and power for your days. 

These propositions have been approved by the promotors Prof. dr. ir. L.C. Rietveld and Dr. ir. S.G.J. 

Heijman, and are regarded as opposable and defendable.
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Over the past decades, direct nanofiltration (NF) without pre-treatment has been widely recognized 

as an alternative for conventional membrane technologies in both drinking water and wastewater 

treatment, owing to its advantages in energy saving, low chemical usage and high permeate purity. 

As an alternative, ceramic NF has received growing attention in recent years, given its good 

robustness and stable separation capabilities as compared to polymeric NF membranes. Organic 

fouling of ceramic NF membranes remains the key problem affecting the performance of the 

membranes in water treatment. However, conventional forward flush with pure water is not effective 

for removing the organic fouling due to its sticky nature. Backwash with pure water has to be applied 

at high pressures, thereby having a risk of damaging the structure of the membranes. Therefore, 

chemical forward flush with strong acids, bases or chlorine is frequently required as a substitute for 

backwash and conventional forward flush, leading to more consumption of the chemicals. To apply 

innovative ceramic NF in direct surface water treatment, an eco-friendly cleaning strategy of using 

Fenton-based oxidation was studied in relation to the fouling characteristic of the membrane. 

A literature study was done to review the present knowledge on using oxidation methods for fouling 

mitigation of ceramic membranes. It was found that existing studies predominantly were focused on 

direct oxidation of organic substances in feed water of ceramic membrane filtration. This kind of 

oxidation strategies could mainly reduce cake layer fouling of the membranes, while in many cases 

aggravating pore clogging due to an oxidation-induced conversion of large-sized organic molecules 

into smaller ones. Additionally, there is a risk of secondary pollution by using oxidation in the feed 

water, since the oxidants and potentially produced oxidation by-products can penetrate the 

membranes into permeate. However, little knowledge is available on using oxidation for cleaning 

fouling layers, in particular, on a ceramic NF membrane, in terms of the impact of its fouling 

characteristics on the efficacy of oxidative cleaning. It was thus recommended that, investigating the 

efficacy and mechanisms of an oxidative cleaning method for ceramic NF membranes, should be 

based on an in-depth understanding of fouling of the membranes. 

To improve the mass transfer efficacy of Fenton oxidation reactions, an integration of oxalic acid 

chelation and Fenton oxidation was proposed for cleaning alginate fouling of an iron oxide (Fe3O4) 

pre-coated ceramic NF membrane. A synergistic effect of oxalic acid relaxation and Fenton oxidation 

over the alginate fouling layer was proved to act as a main mechanism for the membrane cleaning, 

presumably due to improved diffusion of hydrogen peroxide (H2O2) through the relaxed fouling layer 

onto the active sites of the catalyst pre-coat layer. Based on this mechanism, cleaning of the pre-

coated membrane using an oxalic acid/H2O2 solution for 15 min resulted in stable initial normalized 



13 | SUMMARY 

 
 

fluxes (83.33−90.15%) during five repeated fouling/cleaning cycles, without renewing the pre-coat 

layer between the cycles. 

To explore the relation between Fenton cleaning efficacy and different fouling types of an iron 

oxychloride (FeOCl) pre-coated ceramic NF membrane, an adsorption experiment and cake filtration 

model fitting were separately executed to distinguish between adsorption and cake layer fouling. The 

results showed that the flux evolution during filtration with alginate solutions consisted of an initial 

sharp flux decline, due to rapid adsorption of the foulants (adsorptive fouling), and a subsequent 

gradual flux decline, resulting from progressive cake build-up on the membrane (cake layer fouling). 

The efficacy of Fenton cleaning predominantly depended on the cake layer fouling (above the 

adsorptive fouling layer), where the flux recovery at thin cake layer fouling (98.5%) was higher than 

at thick cake layer fouling (65.4%). Fenton cleaning was mainly effective for cake layer fouling 

compared to adsorptive fouling. The total permeate production during ceramic NF was not 

influenced by the remaining adsorptive fouling (after cleaning), since the adsorptive fouling always 

only occurs at the beginning of each cycle. Therefore, the removal of the adsorptive fouling was of 

minor importance for the overall performance of the pre-coated ceramic NF membrane using Fenton 

cleaning. 

To investigate the potential of applying the FeOCl pre-coated ceramic NF membranes for direct 

surface (canal) water treatment, constant-flux filtration and Fenton cleaning experiments were 

performed at a bench scale. It was found that the dependence of fouling during ceramic NF on the 

pre-coat layer and the feed pH was mainly associated with adsorption capabilities of the membrane 

under the individual conditions. The FeOCl layer was uniformly pre-coated on top of the membrane 

by means of crossflow pre-filtration with a FeOCl suspension, only resulting in a minimal decrease 

(<4%) of the membrane permeance. A large-sized fraction (3−30 µm) of the colloids in the canal 

water, in combination with an operating flux of about 46 L m−2 h−1, contributed to faster pore clogging 

in the pre-coat layer (with the transmembrane pressure (TMP) increasing from 10.0 to 21.0 bar 

within 1 h) than in the pristine membrane (with the TMP increasing from 8.0 to 21.0 bar within 4 h). 

However, the pristine and pre-coated membranes fouled comparably at a flux of around 23 L m−2 h−1 

(with the TMP increasing from 5.0 to 11.0 bar and from 5.0 to 9.5 bar, respectively, within 4 h). The 

catalytic pre-coat layer facilitated the restoration of filtration resistances of the fouled membrane 

through Fenton cleaning, while the separation layer of the membrane maintained high rejections 

(approximately 90%) of the natural organic matter (NOM) over five one-day fouling/cleaning cycles. 
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The pre-coat layer remained reproducible over the five long-running cycles, having a minor loss of 

15.6% in its thickness. 

Overall, it can be concluded that ceramic NF membranes, containing an iron-based catalyst pre-coat 

layer (Fe3O4 or FeOCl) on top of the membranes, were able to remove the fouling, formed by a highly 

concentrated alginate solution or NOM/colloids in surface (canal) water, on/in the pre-coated 

membranes by Fenton cleaning. However, the efficacy of Fenton cleaning varied depending on fouling 

types (adsorptive and cake layer fouling) and characteristics of the FeOCl pre-coated membranes 

filtering the alginate solution. The cake layer fouling was almost completely removed by Fenton 

cleaning in contrast to the adsorptive fouling. A combination of Fenton oxidation and oxalic acid 

relaxation over the fouling layers improved the overall cleaning efficacy due to a potentially 

promoted mass transfer of H2O2 through the fouling layers onto the active sites of the (Fe3O4) pre-

coat layer. The FeOCl pre-coated ceramic NF membrane was verified to be applicable in direct surface 

(canal) water treatment with respect to both rejection of NOM and Fenton cleaning. 



 

 

Chapter 1 

INTRODUCTION  
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1.1 Surface water treatment for drinking water production 

1.1.1 Conventional multiple-stage treatment procedure 

Safe and adequate drinking water is one of the basic requirements for the health of human beings. 

Conventional drinking water treatment contains multiple processing units involving coagulation, 

flocculation, sedimentation, sand filtration and disinfection (Chang et al., 2017; Ho et al., 2012). The 

conventional treatment procedure is able to readily meet the criteria of drinking water quality with 

relatively clean drinking water sources, while being inapplicable to handling water with various 

organic micro-pollutants (OMPs) and a high concentration of natural organic matter (NOM) due to a 

potential risk in the formation of disinfection by-products during post-chlorination (Fujioka et al., 

2021). Moreover, the cost and quality of drinking water production, using the conventional treatment 

procedure, often vary with the fluctuations of NOM in its composition and concentration in surface 

waters (Köhler et al., 2016; Sillanpää et al., 2018). In addition, the conventional multiple-stage 

drinking water treatment results in a large footprint, complicated operations and large consumption 

of chemicals (e.g. coagulants and flocculants). Hence, these drawbacks of the conventional treatment 

procedure call for an urgent need to develop more compact, efficient and eco-friendly drinking water 

treatment technologies.  

1.1.2 Direct nanofiltration as advanced treatment 

Direct nanofiltration (NF) is a promising option for treating surface waters without any pre-

treatment, in order to perform water treatment processes by a single-step, chemical-free operation 

(Futselaar et al., 2002). NF membranes typically enables the removal of most organic matter 

including OMPs (>200−300 Da), a fraction of hardness-causing compounds and multivalent ions, and 

almost all microbes from surface water (Liikanen et al., 2003; Siddiqui et al., 2000). However, most 

commercially available NF membranes, e.g. polymeric spiral-wound membranes, are susceptible to 

biofouling and spacer clogging by colloids in the feed water, which need to be prevented by pre-

treatment (e.g. sand filtration, micro- and ultrafiltration (MF/UF)) of the feed water (Dreszer et al., 

2014; Wibisono et al., 2015). As an alternative, polyamide thin-film composite membranes can only 

be operated at a very low flux (e.g. 4 L m−2 h−1) to maintain a stable operation during direct surface 

water treatment (Fujioka et al., 2021). Apart from their high fouling propensity, polymeric NF 

membranes are sensitive to the use of extreme chemical concentrations, pH and temperature during 

chemical cleaning (Chen et al., 2003). 

1.2 Ceramic nanofiltration membranes 
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1.2.1 Characteristics and application status in water treatment 

Ceramic NF has emerged as a promising substitute for polymeric NF in water treatment, given its 

good chemical resistance and long lifespan (>15 years) (Kramer et al., 2015; López et al., 2020; Puthai 

et al., 2016). The commercialization of ceramic NF membranes has been realized by Rauschert 

(Inopor, Germany). Present studies have also demonstrated the ability of commercial ceramic NF 

membranes with a molecular weight cut-off (MWCO) of <1 kDa for effectively removing a broad 

variety of pollutants (e.g. multivalent ions, pathogens, NOM and colloids) while exerting relatively 

less removal of inorganic salts and low molecular weight OMPs (<200 Da) (Árki et al., 2019; Caltran 

et al., 2020; Chen et al., 2017; Fujioka et al., 2014).  

Currently, applications of ceramic NF membranes have been tested on a lab scale in direct water 

reclamation from sewage and secondary wastewater effluent (Fujioka et al., 2018; Kramer et al., 

2015). A pilot-scale plant of industrial ceramic NF, containing a total filtration area of about 234 m2, 

was established on an oil field in Canada and ran for more than 12500 h to treat the wastewater 

directly on a daily basis (Cabrera et al., 2022). In this pilot application, according to Motta Cabrera et 

al. (2021), the capital investment was approximately 5% higher in the ceramic NF system than in the 

polymeric NF system at similar capacities, but the annual operating cost was around 55% less for the 

ceramic NF system because of its lower maintenance cost. However, studies or applications regarding 

ceramic NF in surface water treatment for drinking water production do not exist by far. 

1.2.2 Organic fouling 

According to the nature of foulants, membrane fouling is classified into (i) organic fouling, (ii) 

inorganic fouling/scaling, (iii) particulate/colloidal fouling and (iv) biofouling (microbial growth and 

adhesion). In particular, organic fouling of ceramic NF membranes by organic molecules/colloids, 

can lead to a substantial reduction in water production, which remains one of the major obstacles to 

upscaling the current implementation of the membranes in water treatment (Kramer et al., 2015). 

Organic foulants in source waters (e.g. surface water), present as NOM and organic colloids, typically 

comprise polysaccharides, humic substances and proteins (Van Geluwe et al., 2011). Among these, 

the polysaccharides, as the main component of biopolymers (>100 kDa), have been considered the 

key fouling-causing organic matter during low-pressure membrane filtration (e.g. MF and UF) (Meng 

et al., 2017). 

Earlier research (Kuzmenko et al., 2005) has reported that organic fouling of MF and UF processes 

occurs mainly through internal adsorption, pore blocking and cake build-up, which could be 
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influenced by physicochemical properties of both the organic foulants (e.g. charge, size, 

hydrophobicity and conformation) and the membranes (e.g. surface charge, pore size and 

hydrophobicity). In addition, several studies (Mustafa et al., 2016a; b) have demonstrated that 

organic fouling of ceramic NF membranes mainly depends on the entire surface chemistry (e.g. 

functionalities, hydrophilicity and charge) of the membranes, determining the types and strength of 

potential foulant-membrane interactions (e.g. hydrogen bonding, ion and electrostatic interactions). 

However, a clear understanding of fouling characteristics and mechanisms during ceramic NF in 

water treatment is still lacking.  

1.2.3 Problems with conventional hydraulic and chemical cleaning methods 

 

Figure 1.1 Basic scenarios of pure water forward flush, pure water backwash and chemical forward 

flush in response to organic fouling of ceramic nanofiltration membranes in a crossflow filtration mode. 

The lack of cost-effective and eco-friendly cleaning methods is another important factor affecting the 

up-scaling application of ceramic NF membranes for water treatment. Figure 1.1 illustrates the basic 

scenarios of pure water forward flush, pure water backwash and chemical forward flush in response 

to organic fouling of ceramic NF membranes in a crossflow filtration mode. Forward flush with pure 

water has proven to be ineffective for organic fouling of ceramic NF membranes, due to strong 

adherence of the organic foulants to the membranes, especially in the presence of calcium ions in the 

solution (Mustafa et al., 2016b; Zhao et al., 2018). Backwash at high pressures has been found to 

cause damages to the structure of ceramic NF membranes (Kramer et al., 2020). Therefore, frequent 

chemical forward flush with a strong acid (e.g. hydrochloric acid) or base (e.g. sodium hydroxide) 
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needs to be used offline, resulting in a long downtime of filtration and an increase in the chemical 

consumption (Kramer et al., 2015). An effective and mild cleaning approach in response to the 

organic fouling of the ceramic NF membranes, in order to improve their applicability in water 

treatment, is still missing. 

1.3 Oxidation in fouling control and cleaning of ceramic membranes 

1.3.1 Types and mechanisms of oxidation for fouling mitigation 

In literature, oxidation processes in combination with ceramic membrane filtration for the fouling 

control can be classified into (i) oxidation of the feed water (Jiang et al., 2022; Sun et al., 2018; Winter 

et al., 2016; Zhu et al., 2022) and (ii) oxidative cleaning of the fouled membranes (Alresheedi et al., 

2019b; De Angelis and de Cortalezzi, 2016). Here, the fouling control of the ceramic membranes 

through oxidation mainly aims at (i) mineralization of the feed organics to reduce the organic loading 

before filtration, (ii) alterations in physicochemical properties (e.g. molecular/colloidal sizes, 

hydrophilicity and charge properties) of the foulants to restrict their attachment onto the 

membranes, and (iii) degradation/transformation of the foulants on/in the membranes to facilitate 

their removal or detachment from the membranes (Rosman et al., 2018; Zhou et al., 2017).  

1.3.2 Oxidation of organic matter in feed water 

Dosing oxidants in the feed water of ceramic membrane filtration has a risk of secondary pollution 

resulting from a potential passage of the residual oxidants into the permeate. Moreover, there is a 

trade-off between decreased reversible fouling, as a result of oxidation of the feed organics, and an 

increased passage of the oxidized organics into the permeate, due to decomposition of the organics 

into smaller-sized fractions (Wei et al., 2016). In addition, irreversible fouling of ceramic membranes 

can be aggravated after oxidation of the feed organics, attributed to an increase in pore blockage (Ibn 

Abdul Hamid et al., 2017; Im et al., 2019; Winter et al., 2016). 

1.3.3 Oxidation as a cleaning method for fouled ceramic membranes 

Oxidative cleaning of fouled ceramic membranes, e.g. using Fenton reactions (De Angelis and de 

Cortalezzi, 2016), forward flush with ozonated water (Fujioka et al., 2018), immersed cleaning by 

sodium hypochlorite (Alresheedi et al., 2019a; Alresheedi et al., 2019b), has been counted as an 

effective means of removing fouling from the membranes, without causing the aforementioned 

secondary pollution in the permeate and extra irreversible fouling of the membranes. Nevertheless, 

to obtain ozonated water, having adequate ozone in the water phase, for achieving steady cleaning 
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efficacy is energy intensive, since ozone is unstable in water. In addition, oxidative cleaning using 

sodium hypochlorite damages the end sealing layers of ceramic NF membranes, thereby causing a 

defect on the membranes (Kramer et al., 2019). 

A Fenton reaction between heterogeneous catalysts and hydrogen peroxide (H2O2) is able to generate 

reactive hydroxyl radicals (●OH) for efficiently oxidizing organic matter on the surface of the catalysts 

(He et al., 2016). Lin and Gurol (1998) proposed the basic routes of Fenton reactions initiated by 

iron-based catalysts, as shown in Equations (1.1)–(1.3): 

≡Fe(II)-OH+H2O2→≡Fe(III)-OH+●OH (1.1) 

≡Fe(III)-OH+H2O2→≡Fe(II)+H2O+HO2
● (1.2) 

≡Fe(III)-OH+HO2
●→≡Fe(II)+H

2
O+O2 (1.3) 

Hence, coating Fenton catalysts on and/or within ceramic membranes enables oxidative removal of 

the deposited foulants from the membrane surface (Sun et al., 2018; Zhang et al., 2021). Studies on 

catalytic ceramic MF and UF have indicated that fouling of the membranes (e.g. accumulation of 

organic foulants on the surface and/or in the pores) can impede the mass transfer of H2O2 and ●OH 

radicals, thereby influencing the efficacy of Fenton cleaning (De Angelis and de Cortalezzi, 2016). 

Further attention thus needs to be paid to investigating oxidative cleaning of ceramic NF membranes 

in relation to their specific fouling characteristics.  

1.4 Thesis research framework 

The main objective of this research was to probe into the relation between the efficacy/mechanisms 

of Fenton cleaning of a catalytic ceramic NF membrane and its fouling types/characteristics in direct 

surface water treatment. To achieve the objective, research questions were proposed as listed below 

and studied in the chapters of the thesis. 

Research question 1: What is the current understanding of fouling characteristics of ceramic 

membranes and the effect of oxidation on fouling mitigation? 

Chapter 2 reflects a literature study focusing on the current knowledge on using oxidation methods 

for fouling control of ceramic membranes. Surface properties and interactions of ceramic membranes, 

related to fouling mechanisms and characteristics of the membranes, were described. By reviewing 

the present publications, the effect of oxidation on fouling characteristics of ceramic membranes was 
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discussed. Given the available knowledge, therefore, how to effectively use oxidation for fouling 

control of ceramic membranes was suggested. 

Research question 2: How to improve the efficacy of Fenton cleaning over an alginate fouling layer 

on ceramic NF membranes? 

Chapter 3 introduces an integration of oxalic acid chelation and Fenton oxidation for cleaning 

alginate fouled ceramic NF membranes. A synergistic effect of relaxation and oxidation over the 

fouling layers was proved to act as the main mechanism for the membrane cleaning. 

Research question 3: How is Fenton cleaning related to fouling types of a ceramic NF membrane? 

Chapter 4 describes the relationship between the efficacy of Fenton cleaning and the fouling types 

of a ceramic NF membrane. Adsorptive and cake layer fouling were separately identified during 

alginate fouling of the membrane, and were studied in terms of their individual effect on Fenton 

cleaning. This chapter provided new insights into the criteria for optimizing oxidative (Fenton) 

cleaning during ceramic NF in water treatment. 

Research question 4: What are the fouling characteristics and Fenton cleaning efficacy of a ceramic 

NF membrane in direct surface water treatment? 

Chapter 5 demonstrates the potential of using an FeOCl pre-coated ceramic NF membrane with 

Fenton cleaning for direct surface water treatment. Fouling characteristics of the membrane were 

studied in terms of the impact of feed pH, FeOCl pre-coat layer and permeate flux. The efficacy of 

Fenton cleaning for the fouled membrane was evaluated over multiple cycles. 
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Abstract 

Ceramic membrane technologies have made rapid progress in drinking water and 

industrial/municipal wastewater treatment, owing to their chemical robustness, good recoverability 

and long lifetime. Fouling by organic substances is one of the main problems that impede the 

application of ceramic membranes in water treatment. Oxidation of organic foulants is able to change 

surface interactions between the foulants and ceramic membranes, thereby affecting fouling 

behaviour of the membranes. This chapter presents a state-of-the-art overview of the surface 

interactions in relation to the fouling behaviour of ceramic membranes, together with in-depth 

discussion about the effect of oxidation on the membrane fouling. The results show that the 

researchers have employed a variety of oxidation processes, focusing on modifying physicochemical 

characteristics of organic foulants in feed water, mainly for fouling control of ceramic MF/UF 

membranes. However, knowledge gaps must be addressed to overcome the lack of: (i) a clear 

understanding of fouling behaviour and characteristics of ceramic NF membranes in water treatment, 

and (ii) studies of using (catalytic) oxidation methods for cleaning the membranes. Therefore, we 

advocate for investigations of the efficacy and mechanisms of oxidative cleaning methods for a 

ceramic NF membrane in relation to its specific fouling characteristics. 

2.1 Introduction 

Ceramic membranes have emerged as a promising alternative to their polymeric counterparts for 

water treatment, given their better robustness and longer service life. Among current studies, 

ceramic membranes have served as a water purification unit in sole filtration (Barredo-Damas et al., 

2012) as well as in combination with oxidation processes (Guo et al., 2016). Implementation of 

ceramic membranes has, by far, been limited to water treatment mostly at a lab or pilot scale. A clear 

understanding of fouling/separation characteristics of ceramic membranes, in particular when used 

in filtration/oxidation hybrid processes, is lacking.  

Present knowledge framework is mainly focused on polymeric membranes, which has suggested 

surface properties of the membranes, amongst other parameters (e.g. solution chemistry and 

operating conditions), can play a significant role in fouling and separation behaviour of the 

membranes (Childress and Elimelech, 1996). Different surface properties (e.g. surface charges, 

functionalities and hydrophilicity) of ceramic and polymeric membranes, may correspond to distinct 

fouling and/or retention mechanisms, making it unreliable to directly translate polymeric membrane 

related principles to the understanding of filtration behaviour of ceramic membranes (Lee et al., 2013; 
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Lee and Kim, 2014; Liu et al., 2019b). Among current studies, of particular interest is solute-

membrane interactions, resulting from unique surface properties of a ceramic membrane (Arndt et 

al., 2016; Fujioka et al., 2014; Hofs et al., 2011; Nagasawa et al., 2020; Zhang et al., 2009). However, 

state-of-the-art knowledge concerning surface properties and interactions of ceramic membranes, 

and their underlying relation with filtration behaviour of the membranes, have not been 

systematically reviewed to date. 

Over the past few decades, growing attention has been paid to a combined use of ceramic membranes 

with oxidation processes, aiming at retarding membrane fouling and/or enhancing pollutant removal 

from a broad range of water matrices, including municipal wastewater (Asif et al., 2021; Guo et al., 

2018; Ibn Abdul Hamid et al., 2017), pharmaceutical wastewater (Li et al., 2022; Wang et al., 2020; 

Wu et al., 2019), surface water (Cheng et al., 2017; Zhang et al., 2020a), dyestuff wastewater (Zhang 

et al., 2016a; Zhao et al., 2019), and oily water (Li et al., 2015; Xue et al., 2016). Given the good 

robustness of ceramic membranes against an oxidizing environment, oxidation/ceramic membrane 

filtration hybrid systems have flexible options serving as the oxidation treatment unit, involving 

ozonation (Lee et al., 2019; Song et al., 2018; Szymanska et al., 2014), ferrate-based oxidation (Liu et 

al., 2019a; Liu et al., 2018), Fenton reactions (Plakas et al., 2019; Sun et al., 2018; Zhang et al., 2021), 

PMS activation (Cheng et al., 2018; Zhang et al., 2020b; Zhao et al., 2020), photo-catalysis 

(Nyamutswa et al., 2020; Yang et al., 2019; Zhang et al., 2020a) and electrochemical oxidation (Fu et 

al., 2019; Geng and Chen, 2017; Zheng et al., 2018).  

As compared to sole filtration, integration of ceramic membranes with oxidation processes, can result 

in more complicated fouling and/or separation behaviour. Diverse physicochemical characteristics 

(e.g. molecular/colloidal sizes, charges and hydrophilicity) of organic pollutants, upon exposure to 

an oxidizing environment, tend to vary simultaneously and interplay with each other. For instance, 

some researchers reported that SA, HA and BSA molecules, following ozonation or PMS-based 

oxidation at certain doses, could re-aggregate into larger flocs with their zeta potential being changed 

in the meantime (Song et al., 2018; Yu et al., 2017; Zhao et al., 2020). Wei et al. (2016) and Zhang et 

al. (2013b) demonstrated that ozonation was able to convert large-sized hydrophobic organics into 

smaller hydrophilic fragments. Many efforts have been dedicated to investigating the changes in 

physicochemical characteristics of organic matter by oxidation in relation to filtration behaviour of 

ceramic membranes. One of the unsolved problems is that, oxidative cleavage of organic pollutants 

into smaller-sized and more hydrophilic intermediate products, results in a trade-off between 

decreased accumulation of the foulants on membrane surfaces and increased passage of the 
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intermediate products into permeate, due to weakened steric exclusion and low hydrophobic 

attraction (Chen and Columbia, 2011; Cheng et al., 2017; Kim et al., 2008; Park et al., 2012). Moreover, 

there remains a considerable doubt about the relation between electrostatic interactions and 

filtration behaviour of ceramic membranes, which lies in that, for instance, charge properties of 

organics often vary depending on oxidizing degrees (Song et al., 2018; Tang et al., 2017) and are 

accompanied with changes in their particle sizes and conformation (Asif et al., 2021; Kampf et al., 

2015; Wang et al., 2019; Zhao et al., 2020).  

Therefore, this chapter aims to present state-of-the-art knowledge on filtration behaviour of ceramic 

membranes in relation to their surface interactions in the absence and presence of oxidation. Firstly, 

studies on typical physicochemical properties and surface interactions of ceramic membranes, are 

discussed to help readers understand how fouling and separation behaviour correlates to surface 

properties and interactions of the membranes. Secondly, attempts on the integration of oxidation and 

ceramic membrane filtration in water treatment are reviewed, focusing on clarifying how changes in 

physicochemical characteristics of organic substances as a result of oxidation influence the 

performance of fouling mitigation and pollutant retention of the membrane.  

2.2 Surface properties and interactions on ceramic membranes 

2.2.1 Fundamentals of typical surface properties of ceramic membranes 

 

Figure 2.1 Cross-sectional schematic of an asymmetrical ceramic membrane. 

Based on the distinction in pore sizes, ceramic membranes are classified into MF, UF and NF. RO is 

currently applied in polymeric membranes. Typically, ceramic membranes consist of an asymmetric 

multilayer of a three-dimensional interconnected network, including thick support/intermediate 

layers and a thin active separation layer (Figure 2.1). The multilayer is mostly made from (non)metal 

oxides, including ZrO2 (Gao et al., 2020), TiO2 (Chen et al., 2017; Song et al., 2016), Al2O3 (Gu et al., 



31 | Chapter 2 

 
 

2020; Qin et al., 2015; Wang et al., 2016), SiO2 (Puthai et al., 2017; Zhao et al., 2018a), or non-oxide 

materials, involving SiC (Hofs et al., 2011) and α-Si3N4 (Li et al., 2017).  

Table 2.1 Surface properties of ceramic membranes 

No. 
Active layer 

material 

Pore size/ 

MWCOa 
ZP (mV)b/pHIEP

c 
R 

(nm)d 
CA (°)e Ref. 

1 α-Al2O3  210 nm - 122 24 (Gu et al., 2020) 

2 ZrO2 200 nm 
+4.1 

(pH6.0) 
- 37 (Gao et al., 2020) 

3 SiO2 1.5 nm 
−5.7 

(pH8.1) 
2 40 (Zhao et al., 2018a) 

4 TiO2 1.4 nm 
−12.3 

(pH8.1) 
20 16 (Zhao et al., 2018a) 

5 TiO2 1.5 nm 
−7.2 

(pH8.1) 
30 19 (Zhao et al., 2018a) 

6 TiO2 1 nm 
−9.6 

(pH8.1) 
8 31 (Zhao et al., 2018a) 

7 α-Al2O3 100 nm - - 67 (He et al., 2011) 

8 TiO2 512 Da - - 20 (Mustafa et al., 2014) 

9 TiO2  30 nm pHIEP: 4.2 - - (Moritz et al., 2001b) 

10 ZrO2  5 nm pHIEP: 4.6 - - (Moritz et al., 2001b) 

11 α-Al2O3  60 nm pHIEP: 4.3 - - (Moritz et al., 2001b) 

12 γ-Al2O3 5 nm pHIEP: 6.0 - - (Moritz et al., 2001b) 

13 SiC 960 nm pHIEP: 2.6 - - (Hofs et al., 2011) 

14 Al2O3 200 nm pHIEP: 8.3 - 27 (Zhang et al., 2009) 

15 TiO2 200 nm pHIEP: 6.1 - 20 (Zhang et al., 2009) 

16 Al2O3 195 nm pHIEP: 5.0 68 - (Chong and Wang, 2019) 

17 γ-Al2O3 1−2 nm - - 30−60 (Wang et al., 2016) 

18 TiO2 2−4 nm - 45 40 (Kujawa et al., 2017) 

19 TiO2 200 nm - 61 40 (Kujawa et al., 2017) 

20 TiO2-ZrO2 8.6 nm −24.8 (pH6.0) - - (Lu et al., 2015) 

a MWCO: molecular weight cut-off; b ZP: zeta potential; c pHIEP: isoelectric point; d R: roughness; e CA: 

contact angle. 
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Homogeneity of surface hydroxyl group 

Surface properties of a ceramic membrane, such as charges and hydrophilicity, are dependent on 

surface chemistry of the membrane. Unlike the heterogeneity in chemical functionalities (e.g. 

hydroxyl, carboxyl and phenyl groups) of polymeric membranes, surface functionalities of ceramic 

membranes are more homogeneous in (non-)metallic hydroxyl groups (Árki et al., 2019; Lee et al., 

2013; Lee and Kim, 2014). Apart from hydroxyl groups, Zhao et al. (2018a) probed the presence of a 

small number of carboxylic groups in ceramic membranes, deriving from structural impurities 

during a sol-gel synthesis process of commercial ceramic membranes, while the percentages of 

carbon atoms (<30%) and carboxylic groups (<8%) of the ceramic membranes were much smaller 

than those (~70% and 15%, respectively) of polymeric ones (Tang et al., 2009).  

 

Figure 2.2 Formation mechanism and types of hydroxyl groups on the surface of ceramic membranes. 

Hydroxyl groups of a ceramic membrane are supposed to form through dissociative chemisorption 

of water molecules, involving hydration and hydroxylation, as illustrated in Figure 2.2 (Tamura et al., 

2001). The hydration process occurs on coordinatively unsaturated surface lattice metal ions of 

ceramic membranes as a strong Lewis acid site for water adsorption to form a coordination shell, 

where the oxide cations bind to a hydroxyl group of water molecules and the lattice oxygen ions bind 

to a water proton in aqueous phase (Kasprzyk-Hordern, 2004; Shirai et al., 2016). Thereafter, the 

surfaces of ceramic particles undergo the hydroxylation process through dissociation of the 

chemisorbed water molecules and forms two types of hydroxyl groups, i.e. OadsH (Oads: water oxygen) 

and OsH (Os: oxide surface oxygen) (Hass et al., 1998; Tamura et al., 2001; Yopps and Fuerstenau, 

1964). Different properties of the adsorbed water and the OadsH and OsH groups have been previously 

characterized by −OH stretching in the range of 3450−3650 cm−1 and at around 3780 and 3430 cm−1, 
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respectively (Hass et al., 1998). Another study about TiO2 oxides indicated that molecularly adsorbed 

water on the TiO2 surface accounted for 80% of −OH stretching band intensity, whereas the 

percentage of 20% was attributed to surface hydroxyl groups (Nosaka et al., 2006). 

Surface hydrophilicity 

Surface hydrophilicity is counted as an important parameter for predicting fouling propensity of 

ceramic membranes. Hydrophilicity of a ceramic membrane is measured in terms of a static or 

dynamic contact angle using a liquid droplet (e.g. water) on the membrane surface, whereby either a 

smaller contact angle or a faster reduction in the dynamic contact angle corresponds to a more 

hydrophilic membrane surface (Dobrak et al., 2010; Zhang et al., 2009). The contact angles of ceramic 

membranes, composed of different (non)metal oxide materials, are summarized in Table 2.1. The 

water contact angles typically range from 10° to 60° on ceramic membranes (He et al., 2011; Mustafa 

et al., 2016a; b; Puthai et al., 2016), while covering a much broader range of 10−160° on polymeric 

membranes (Gray et al., 2007; Lee and Kim, 2014; Park et al., 2005; Qu et al., 2014; Shan et al., 2016). 

It is therefore not reliable to claim that ceramic membranes are more hydrophilic than polymeric 

ones.  

 

Figure 2.3 Possible structure of adsorbed water multilayer on the surface of ceramic membranes. 

The abundance of hydroxyl groups on ceramic membranes has been considered the main cause for 

hydrophilic surface chemistry of the membranes (Sah et al., 2004). Surface hydroxyl groups on a 

ceramic powder or membrane, arising from hydroxylation of a chemically adsorbed monolayer of 

water molecules, are able to further interact with water molecules by means of hydrogen bonding 

and thus form a physically absorbed water multilayer on the membrane surface (Al-Abadleh and 

Grassian, 2003a; Al-Abadleh and Grassian, 2003b; Lu et al., 2016; Sneh et al., 1996; Takeuchi et al., 

2005; Tuladhar et al., 2016). The structural model of the physically and chemically adsorbed 

multilayer of water molecules on the ceramic membrane is illustrated in Figure 2.3. Surface 

hydrophilicity of ceramic membranes has been considered to mainly depend on chemical properties 

of the hydroxyl groups (e.g. density and O−H bond strength) on the membranes (Zaouri et al., 2017). 
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According to Lu et al. (2016), a stronger O−H bond on the surface of different metal oxide membranes 

corresponded to larger electron density of O−H groups and a stronger hydrogen bonding affinity 

between the O−H groups and water molecules, whereby the resultant stronger hydrophilic character 

on the membrane surfaces rendered the membranes less prone to irreversible fouling in oil/water 

emulsion treatment. 

Surface charge 

Ceramic membranes tend to be electrically charged upon contact with a polar liquid (e.g. water), 

owing to the amphoteric character of their surface hydroxyl groups (Herbig et al., 2003). The surface 

charges on a ceramic membrane are formed as a result of association/dissociation of protons 

onto/from the hydroxyl groups of the membrane, which are often called protonation and 

deprotonation, respectively (Zhang et al., 2008). The amphoteric properties of hydroxyl groups on 

ceramic membranes enable the protonation and deprotonation depending on the solution pH, as can 

be expressed in Equation (2.1) and (2.2) (Árki et al., 2019; Larbot et al., 1988; Moritz et al., 2001a). 

≡ M− OH+ H+ →≡ M− OH2
+ ↔ M+ + H2O (2.1) 

≡ M− OH+ OH− → M− (OH)2
− ↔≡ M− O− + H2O (2.2) 

One hydroxyl group (≡M−OH) on the membranes associates a proton (H+) from the solution to obtain 

a positive charge (≡M−OH2+) at pH < pHPZC (point of zero charge, a pH value at which the net surface 

charge is zero), while disassociating a H+ to acquire a negative charge (≡M−O−) at pH > pHPZC (Zhu et 

al., 2016). Therefore, an increase in pH with crossing the pHPZC leads to a transition of the surface 

charges of the ceramic membrane from positive to negative values. 

 

Figure 2.4 Schematic of electric double layer on the surface of ceramic membranes. 
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In addition, physical or chemical adsorption of potential-determining ions may behave as another 

cause for surface charging on ceramic membranes. To neutralize the surface charges on a ceramic 

membrane, co- and counter ions in the vicinity of the membrane pore walls incline to reorganize via 

ion-membrane interactions causing the formation of an electric double layer at the solution-

membrane interface, where the potential varies progressively from the membrane surface to the bulk 

solution (Árki et al., 2019; Moritz et al., 2001b). The electric double layer is schematically illustrated 

in Figure 2.4. The zeta potential represents a potential at the shearing plane between the compact 

layer (strongly bound to the pore walls) and the mobile diffuse layer, which acts as an indication of 

net surface charges and charge distribution within the electric double layer (Fievet et al., 2001; 

Szymczyk et al., 1997). The influence of ion adsorption on the zeta potential of ceramic membranes 

primarily depends on the concentration and nature of co- and counter ions and their binding affinity 

towards the membranes. Widely accepted is that an increase in ion strength reduces the zeta 

potential of ceramic membranes, resulting from compression of the diffuse layer on the membrane 

surface (Nazzal and Wiesner, 1994; Sbaı ̈ et al., 2003; Zaouri et al., 2017). As earlier documented 

(Moritz et al., 2001a; Mullet et al., 1997; Mullet et al., 1999; Szymczyk et al., 1997; Van Gestel et al., 

2002; Zhao et al., 2005), increasing ion strength by an indifferent NaCl or KCl electrolyte hardly 

changed the pHIEP (isoelectric point, a pH value where the zeta potential is zero) of a ceramic 

membrane, whilst an exposure of the membrane to a CaCl2 or Na2SO4 solution shifted the pHIEP 

toward a higher or lower pH, respectively, due to specific adsorption of the Ca2+ or SO42− ions onto 

the membrane. Previous studies (Zhang et al., 2009; Zhang et al., 2008) revealed a shift of pHIEP from 

8.3 to 4.1 when increasingly doping TiO2 (5−60%) into an Al2O3 membrane, attributing to a stronger 

adsorption affinity of the TiO2 hydroxyl groups toward OH− ions than that of the Al2O3 hydroxyl 

groups. 

2.2.2 Surface interactions of ceramic membranes in water treatment 

Categories of surface interactions on ceramic membranes 

Given that both ceramic and polymeric membranes have porous channels for water permeation, one 

can anticipate similar physical interactions (e.g. steric/size exclusion) and hydrodynamic forces (e.g. 

permeation-derived drag) for both membrane types (Arndt et al., 2016; Lee and Kim, 2014). Widely 

accepted is that, regardless of ceramic or polymeric membranes, particles with a size smaller than or 

comparable to the pore sizes of the membranes often result in pore narrowing or blocking, whilst 

particles having a size larger than the membrane pores form a cake layer on the membrane surface 

(Van Geluwe et al., 2011; Wei et al., 2016; Yin et al., 2013). An exception to this rule is that oil droplets 
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in oil–water emulsions, notwithstanding their larger sizes in comparison with the pore diameters of 

a ceramic membrane, could be squeezed into or through the membrane pores by permeation drag 

forces due to a deformation of the oil droplets (Tummons et al., 2016; Zhou et al., 2010). 

The unique physicochemical properties of a ceramic membrane, with respect to its surface hydroxyl 

groups, charge and hydrophilicity, typically correspond to hydrogen bonding, van der Waals forces, 

electrostatic/ionic and hydrophobic/hydrophilic interactions (Fujioka et al., 2014; Lee and Kim, 

2014; Lu et al., 2016; Mustafa et al., 2016b; Wang et al., 2017; Zaouri et al., 2017; Zhao et al., 2018a). 

The surface hydroxyl groups and/or adsorbed water molecules of a ceramic membrane, are apt to 

form hydrogen bonds with polar functional groups (e.g. carboxylic and phenolic groups) of 

amphipathic (e.g. HA) or hydrophilic (e.g. polysaccharides and proteins) substances (Zaouri et al., 

2017; Zhao et al., 2018a). Electrostatic interactions between ionized organic matter and ceramic 

membranes rely on the difference between the membrane pHIEP and solution pH (pHS), whereby the 

adsorption of anion (A−) or cation (C+) is favoured at pHS < pHIEP or pHS > pHIEP with the acid 

(≡M−OH2+) or base (≡M−O−) hydroxyl group and being the electrostatic attraction sites, respectively, 

as described in Equation (2.3) and (2.4).  

≡ M− OH2
+ + A−

pHS<pHIEP
↔       ≡ M− OH2

+⋯A− (2.3) 

≡ M− O− + C+
pHS>pHIEP
↔       ≡ M− O−⋯C+ (2.4) 

Multivalent cations (e.g. Ca2+, Mg2+ and Fe3+) are believed to facilitate adsorption of foulants onto a 

ceramic membrane via ionic interactions, such as cation bridging between the negatively charged 

membrane surface and the anionic functionalities (e.g. carboxylic and phenolic groups) of the organic 

substances and charge neutralization (Kim et al., 2009; Mustafa et al., 2016b). This, nonetheless, does 

not mean that fouling of ceramic membranes must be aggravated, since cation bridging can occur 

between the anionic organics as well and thus promotes aggregation of the particles into larger-sized 

ones with the formation of a more porous cake layer (Arndt et al., 2016). Owing to the hydrophilic 

nature of most ceramic membranes, hydrophobic interactions can play a minor role in adsorption of 

organic pollutants (Fujioka et al., 2014; Zhao et al., 2018a). A hydration layer is apt to form on the 

external and internal surfaces of the ceramic membranes, functioning as a barrier to repel 

hydrophobic substances from adhering to the membranes. Son et al. (2017) reported that hydrophilic 

interactions may act as an important pathway for adsorption of hydrophilic substances onto ceramic 

membranes. 
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Techniques for characterizing membrane-foulant and foulant-foulant interactions 

The interactive forces between the membrane and the foulant as well as those between the foulant 

in the fouling layer and the foulant in the bulk solution during ceramic membrane filtration can be 

directly probed by an AFM measurement in a tapping mode, using a SiN cantilever loaded with the 

foulant colloid as the modified colloid probe (Lee and Kim, 2014; Lu et al., 2016). For instance, Li and 

Elimelech (2004) and Lee and Kim (2014) employed a carboxylate modified latex colloid as the 

surrogate for HA, since carboxylic groups are the typical functional groups of HA. Lu et al. (2016) 

investigated the interactive forces between ceramic membranes and oil droplets using an oil-coated 

colloid probe during AFM measurement. Therefore, the interactive forces of a probe colloid toward 

the clean or fouled surface of ceramic membranes can be measured to reflect the fouling rate/extent 

at the beginning or later stage of filtration, respectively. The normalized interactive forces (F/R) are 

calculated based on the deflection of the cantilever, as shown in Equation (2.5) (Li and Elimelech, 

2004): 

𝐹(𝑑)/𝑅 = 2𝜋𝑊(𝑑) (2.5) 

where F(d) and W(d) are the interactive force (N) and the interactive energy per unit area (J m−2), 

respectively, between the probe colloid and the membrane surface separated by a distance of d (m), 

R is the radius (m) of the probe colloid. However, with AFM measurement, different types of 

interactive forces are always counted as a whole, making it hard to understand how each interactive 

force contributes to the fouling of ceramic membranes. 

In addition, the XDLVO theory enables the calculation of surface free energy of foulant-foulant and 

foulant-membrane interactions on ceramic membranes, wherein van der Waals force, electrostatic 

double layer force and Lewis acid-base force are taken into account for the calculation (Bai et al., 

2022; Kim et al., 2009; Zhao et al., 2020). The surface free energy per unit area, due to van der Waals 

forces, electrostatic double layer forces and Lewis acid-base forces, respectively, is calculated with 

Equation (2.6), (2.7) and (2.8): 

∆𝐺𝐿𝑊 = 2(√𝛾𝑤
𝐿𝑊 −√𝛾𝑚

𝐿𝑊) ∙ (√𝛾𝑓
𝐿𝑊 −√𝛾𝑤

𝐿𝑊) (2.6) 

∆𝐺𝐸𝐿 = 𝜀0𝜀𝑟 ∙ 𝑓
𝑚
/𝜆𝐸𝐿 (2.7) 
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∆𝐺𝐴𝐵 = 2√𝛾𝑤
+ (√𝛾𝑚

− +√𝛾𝑓
− −√𝛾𝑤

−) + 2√𝛾𝑤
− (√𝛾𝑚

+ +√𝛾𝑓
+ −√𝛾𝑤

+)

− 2(√𝛾𝑚
+𝛾𝑓

− +√𝛾𝑚
−𝛾𝑓

+) 

(2.8) 

where G is the surface free energy, with its superscripts, LW, EL and AB, representing the van der 

Waals force, electrostatic double layer force and Lewis acid-base force, respectively. γLW, γ+ and γ− are 

the LW, electron acceptor and electron donor components of surface tension, respectively, with their 

subscripts, f, w and m, denoting the foulant, water and membrane, correspondingly. 0r is the 

dielectric permittivity of water. f and m are the zeta potentials of the foulant and membrane, 

respectively. λEL is the characteristic decay length for EL interactions in aqueous phase. The surface 

tension parameters of the foulant (γf+, γf− and γfLW) and membrane (γm+, γm− and γmLW) can be 

determined by measuring the contact angle values of three probe liquids with known surface tension 

(γP+, γP− and γPLW) based on the extended Young equation (van Oss, 2007), as presented in Equation 

(2.9): 

(𝛾𝑃 
𝐿𝑊 + 2√𝛾𝑃

+𝛾𝑃
−) (1 + cos 𝜃) = 2(√𝛾𝑇

𝐿𝑊𝛾𝑃
𝐿𝑊 +√𝛾𝑇

+𝛾𝑃
− +√𝛾𝑇

−𝛾𝑃
+) (2.9) 

where θ is the contact angle measured with each probe liquid on the clean or foulant-deposited 

membrane. Subscript P represents each given probe liquid, while subscript T is the tested foulant or 

membrane. Water, formamide and diiodomethane with known surface tension parameters have 

been widely used as the probe liquids for the measurement of surface free energy of ceramic 

membranes (Zhao et al., 2018b; Zhao et al., 2020). 

The strength of surface interactions during ceramic membrane filtration can also be assessed by 

means of a batch adsorption experiment in the absence of a permeate flow (Doneva et al., 2001; Lee 

and Kim, 2014). Therefore, adsorption capacities/kinetics of foulants onto the membrane and a 

permeance decline due to adsorption are counted as indicators for the magnitudes of the interactive 

forces, since no convection-induced deposition is present at the membrane surface (Martínez et al., 

2000). Lee and Kim (2014) reported a much smaller adsorption capacity of HA on ceramic 

membranes than on polymeric membranes, which was in agreement with smaller adhesion forces of 

HA toward the ceramic membranes than toward the polymeric membranes as measured by AFM 

technology. Likewise, the fouling reversibility of a fouled ceramic membrane in a hydraulic cleaning 

experiment depends on the strength of surface interactions, wherein the permeance recovery with 

backwash or forward flush is another criterion for evaluating the adhesion forces (Mustafa et al., 
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2016a). As such, the hydraulic cleaning experiment is able to distinguish between surface 

interactions contributing to either hydraulically reversible or irreversible fouling (Alresheedi et al., 

2019; Hofs et al., 2011). 

2.2.3 Surface interactions in relation to fouling/separation behaviour of ceramic 

membranes 

Effect of surface interactions on fouling behaviour of ceramic membranes 

Foulant deposition on/in ceramic membranes occurs as a result of a combination of multiple surface 

interactions. A number of researchers (Alresheedi et al., 2019; Hofs et al., 2011; Lee et al., 2013; Murić 

et al., 2014) agreed that, notwithstanding filtration with natural waters and wastewaters under 

comparable size exclusion (i.e. pore size) conditions, hydrophilic ceramic (e.g. SiC, ZrO2, TiO2 and 

Al2O3) membranes developed less fouling and higher cleanability in terms of backwash than 

hydrophobic polymeric (e.g. PES, PES/PVP, PC, PVDF and PVC) membranes. Some researchers 

(Mustafa et al., 2016b; Mustafa et al., 2018; Mustafa et al., 2014) grafted hydrophobic functional 

groups (methyl, phenyl or propyl) on TiO2 membranes to replace the hydroxyl groups, nonetheless, 

the fouling was instead reduced with an increase in the membrane hydrophobicity. It seems that high 

hydrophilicity of a ceramic membrane cannot behave as a sole criterion accounting for its decreased 

fouling, but rather the whole of surface chemistry determines the fouling. Chen et al. (2022) and (Xu 

et al., 2020) demonstrated that the lower fouling of SiC membranes than that of Al2O3 membranes 

during filtration with oil-in-water emulsions was attributed to the stronger electrostatic repulsion 

and weaker hydrophobic attraction of the SiC membranes toward the foulants. Also, a combined 

effect exists between size exclusion and electrostatic interactions during fouling of ceramic 

membranes. An example is that surface charges of a ceramic membrane can reduce its effective pore 

diameters through the formation of an electric double layer on the pore walls, whereby electrostatic 

interactions between charged pore surfaces and charged organics become more important for 

smaller pore-sized (e.g. NF) membranes (Lee et al., 2002; Moritz et al., 2001a; Moritz et al., 2001b; 

Van Gestel et al., 2002). For ceramic membranes with pore sizes comparable to oil droplet sizes, 

electrostatic repulsion in combination with size exclusion played a synergetic role in preventing the 

penetration of SDS-surrounded droplets into the pores, while electrostatic attraction promoted the 

deformation and penetration of DTAB-surrounded droplets into/through the pores and thus 

weakened the size exclusion (Nagasawa et al., 2020). A new combined effect between electrostatic 

attraction and size exclusion has been elucidated by Lu et al. (2015): electrostatic adsorption of the 

CTAB surfactant, out of CTAB-stabilized oil droplets, onto pore walls of a TiO2 membrane, reduced 
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the effective pore sizes and, meanwhile, enlarged the destabilized droplets, thereby causing 

improved size exclusion and less pore blocking. Shang et al. (2015) found that ceramic MF/UF 

permeate of surface water, when fed to filtration for a second round, still caused pore narrowing, 

confirming the presence of internal adsorption by the small-sized NOM fractions aside from size 

exclusion of the large-sized ones. However, they did not clarify which one or more surface 

interactions resulted in the internal adsorption. Therefore, a clear understanding of how each surface 

interaction contributes to different fouling types of ceramic membranes remains lacking, due to the 

difficulty in distinguishing the various surface interactions during fouling. Attempts to relate surface 

interactions of a ceramic membrane to its different types of fouling, such as internal adsorption, pore 

clogging and cake layer formation, are needed in future studies.  

Effect of fouling on surface interactions and separation behaviour 

Surface properties and interactions on a ceramic membrane incline to vary dynamically with a 

fouling progress. Fouling of a ceramic membrane typically consists of an early stage of rapid fouling, 

mainly due to clean membrane-foulant interactions, and a subsequently slow fouling stage, 

predominantly resulting from fouled membrane-foulant interactions (Arndt et al., 2016; Jermann et 

al., 2007; Nagasawa et al., 2020; Wang et al., 2013). In many studies, original surface properties of 

ceramic membranes seem not to reasonably account for or predict the whole fouling or separation 

process in relation to the ever-changing surface interactions during filtration. For instance, Hofs et al. 

(2011) and Lee and Cho (2004) reported that, when compared at similar pore sizes, TiO2 and ZrO2 

membranes developed weaker electrostatic repulsion against NOM than polyamide TFC and 

PES/PVP membranes, but the ceramic membranes presented higher rejections of the NOM. Jin et al. 

(2010) and Yue et al. (2015) observed that a 300-nm pore-sized Al2O3 membrane instead exerted a 

higher rejection of low-MW organics (<1 kDa) than an 80-nm pore-sized Al2O3 membrane, during 

filtration with domestic wastewater. Therefore, apart from original surface properties of a ceramic 

membrane, its fouling characteristics (e.g. concentration polarisation, internal adsorption, pore 

clogging and cake build-up) can also play an important role in determining subsequent surface 

interactions and separation capabilities of the membrane (Fujioka et al., 2014; Zhao et al., 2018a). 

The formation of a conditioning film on/in ceramic membranes, as a result of foulant adsorption 

and/or cake layer build-up, is able to act as a secondary filtration layer at the later stage of filtration. 

Therefore, regardless of original surface properties of different types of ceramic membranes, the 

conditioning film formed by specific organic foulants may screen or modify the original surface 

properties of the membranes, thereby affecting the subsequent surface interactions and filtration 
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behaviour (Ng et al., 2020; Ying et al., 2014; Zaouri et al., 2017). As an example, several researchers 

observed minimal differences in tendency and magnitude of the fouling among ceramic membranes 

with different pore sizes/MWCOs (30−60 nm or 50−150 kDa) and among membranes with diverse 

starting materials (Al2O3, SiC, ZrO2, PES and RC) (Arndt et al., 2016; Lee and Kim, 2014). 

Surface interactions on/within the conditioning film (i.e. adsorptive and cake layers) of ceramic 

membranes are complicated, due to an ever-changing structure or composition of the adsorptive and 

cake layers during filtration. Very limited focus has been put on physicochemical and structural 

characteristics of the adsorptive and cake layers, which may play a significant role in filtration 

behaviour. Porosity of a cake layer on ceramic membranes has been counted as an important factor 

determining the rejection of organic substances through adsorption onto the porous cake layer (Yue 

et al., 2015; Zuriaga-Agustí et al., 2014). Additionally, as previously demonstrated (Zhang et al., 

2016b; Zhang et al., 2013a), the inner and outer layers of the cake layer, formed during ceramic MF 

with AOM solutions, mainly comprised hydrophilic low-MW (~1 kDa) substances and hydrophobic 

high-MW (>20 kDa) biopolymers, respectively, wherein hydrophilic and hydrophobic interactions 

could sequentially take place in the inner and outer cake layers. The aforementioned fouling and 

separation behaviour during ceramic membrane filtration is illustrated in relation to the solute-

membrane and solute-solute interactions, as shown in Figure 2.5. 

 

Figure 2.5 An illustration of fouling and separation behaviour during ceramic membrane filtration in 

relation to solute-membrane and solute-solute interactions. 

2.3 Relating surface interactions and fouling/separation behaviour of ceramic 

membranes to oxidation processes 



EFFECT OF OXIDATION ON SURFACE INTERACTIONS IN RELATION TO FOULING BEHAVIOUR OF CERAMIC MEMBRANES: A REVIEW | 42 

 

Compared to polymeric membranes, ceramic membranes present better chemical stability and 

longer operating lifetime, and thus have been considered more appropriate for integration with 

oxidation processes. There are mainly two types of oxidation/filtration hybrid processes: (i) pre-

oxidation with catalysts and/or oxidants dispersed in the feed water prior to filtration, and (ii) in-

situ oxidation with catalysts immobilized on/in the membrane and with oxidants dosed in the feed 

water during filtration (Rosman et al., 2018). This chapter is mainly focused on fouling/separation 

behaviour of ceramic membranes in oxidation/filtration hybrid processes, in relation to the effect of 

oxidation of the feed organics on surface interactions between the membranes and organic 

substances. Current oxidation technologies used in combination with ceramic membranes in water 

treatment, and their influence on fouling/separation behaviour of the membranes, are summarized 

in Table 2.2.  
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Table 2.2 Oxidation technologies used in combination with ceramic membranes in water treatment (N.A.: not available) 

Oxidant Dosage 
Water 

type 

Change in 

MW 

(kDa) 

Change in 

polarity 

Decrease of 

resistances 

(%) 

Removal by 

oxidation 

(%) 

DOC rejection by 

membranes 

(%) 

Ref. 

Rr Rir DOC UV254 
Before 

oxidation 

After 

oxidation 
 

O3 
1.5 

mg O3/mg DOC 
AOM 

≥20 ↓ 

1−10 ↑ 
HPO→HPI 70.1 13.5 20.2 N.A. 43.4 18.1 

(Wei et al., 

2016) 

O3 
2.0 

mg O3/mg DOC 
NOM 

0.5−10 ↓ 

≤0.5 ↓ 
HPO→HPI N.A. N.A. 25 87.3 46 26 

(Winter et 

al., 2016) 

O3 
1.3 

mg O3/mg DOC 
NOM 

1−3 ↓ 

0.2−0.5 ↑ 
HPO→HPI N.A. N.A. 22.9 N.A. 22.9 13.5 

(Fan et al., 

2015) 

O3 
0.8 

mg O3/mg DOC 
EfOM 

67 ↓ 

1.8 ↓ 
HPO→HPI N.A. N.A. −4.8 47.1 N.A. 18.2 

(Lehman 

and Liu, 

2009) 

O3 
0.75 

mg O3/mg DOC 
MLSS 

10−200 ↓ 

1−10 ↓ 
N.A. 18.8 27.6 13.7 N.A. N.A. N.A. 

(Tang et 

al., 2017) 

O3 
0.75 

mg O3/mg DOC 
SA 

>150 ↓ 

6−150 ↓ 

<6 ↑ 

N.A. 84.2 92.3 2.8 N.A. 27.1 16.7 
(Song et 

al., 2017) 

O3 
0.75 

mg O3/mg DOC 
BSA N.A. N.A. −830 −∞ 20 N.A. 43.3 95.1 

(Song et 

al., 2018) 
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O3 
0.6 

mg O3/mg DOC 
NOM 1−10 ↓ HPO→HPI 47.1 20.3 N.A. N.A. 9.9 8.7 

(Cheng et 

al., 2017b) 

O3 
1.33 

mg O3/mg DOC 
EfOM 

≥20 ↓ 

0.35−20 ↓ 

<0.35 ↓ 

HPO→HPI 66.7 −3.6 33.6  61.8 16 14 
(Liu et al., 

2018a) 

UV/H2O2 
4 J/cm2 

10 mg/L 
NOM 

0.5−10 ↓ 

≤0.5 ↑ 
HPO→HPI N.A. N.A. 25  61.4 46.0 14.0 

(Winter et 

al., 2016) 

UV/H2O2 
32 J/cm2 

17 mg/L 
AOM 

>20 ↓ 

0.35−20 ↓ 

<0.35 ↑ 

HPO→HPI 100 65 50 N.A. 52.0 12.0 
(Zhang et 

al., 2015) 

UV/PMS 
0.7 J/cm2 

0.2 mM 
AOM 

≥20 ↓ 

1−20 ↑ 
HPO→HPI 40 0 14.6 27.7 11 <2 

(Cheng et 

al., 2018) 

UV/Fe(II)

/PMS 

0.7 J/cm2 

0.1 mM 

0.2 mM 

AOM 
≥20 ↓ 

1−20 ↑ 
HPO→HPI 89 93 69.9 59.8 11 <3 

(Cheng et 

al., 2018) 

UV/TiO2 0.3 g/L HA 
≥100 ↓ 

<100 ↑ 
HPO→HPI 62.8 59.7 70.5 14.6 N.A. N.A. 

(Yang et 

al., 2019) 

Fe(II)/ 

PMS 

0.05 mM 

0.05 mM 
HA N.A. N.A. 84 97 93 96.2 N.A. N.A. 

(Cheng et 

al., 2017a) 

Fe(II)/ 

PMS 

0.1 mM 

0.1 mM 
NOM 1−10 ↓ HPO→HPI 57.0 53.9 N.A. N.A. 9.9 32.9 

(Cheng et 

al., 2017b) 

Fe(II)/ 

PMS 

0.1 mM 

0.2 mM 
AOM 

≥20 ↓ 

1−20 ↑ 
HPO→HPI 79 75 50.0 40.4 11 <2 

(Cheng et 

al., 2018) 
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K2FeO4 0.2 mM EfOM 
≥20 ↓ 

<20 ↓ 
N.A. N.A. N.A. 25.5 46.1 5.6 6.0 

(Liu et al., 

2018b) 

K2FeO4 0.15 mM EfOM 

≥20 ↓ 

0.35−20 ↓ 

<0.35 ↓ 

HPO→HPI 60.3 82.1 38.7 42.4 16 13.0 
(Liu et al., 

2018a) 

K2FeO4 0.15 mM EfOM 

≥20 ↓ 

0.35−20 ↓ 

<0.35 ↓ 

HPO→HPI 38.3 −38.3 53.5  76.9 20 41.7 
(Liu et al., 

2019) 

K2FeO4/ 

O3 

0.15 mM 

1.33 

mg O3/mg DOC 

EfOM 

≥20 ↓ 

0.35−20 ↓ 

<0.35 ↓ 

HPO→HPI 92.9 85.1 70.5 80.5 16 13.0 
(Liu et al., 

2018a) 
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2.3.1 Oxidation/ceramic membrane filtration hybrid processes 

Oxidation scenarios applied in combination with ceramic membranes 

With the purposes of enhancing contaminant removal and/or fouling mitigation during ceramic 

membrane filtration, pre-ozonation has mostly been used (Jiang et al., 2022; Karnik et al., 2005; Kim 

et al., 2008; Lehman and Liu, 2009; Xue et al., 2016). Other pre-oxidation protocols, involving 

chlorination (Sun et al., 2018), Fenton process (Chiu and James, 2006), PMS activation (Cheng et al., 

2017a; Cheng et al., 2017b; Cheng et al., 2018; Wang et al., 2021), ferrate oxidation (Liu et al., 2018a; 

Liu et al., 2018b), photocatalysis (e.g. UV/H2O2 and UV/TiO2) (Espíndola et al., 2019; Gray et al., 2020; 

Winter et al., 2016; Yang et al., 2019; Zhang et al., 2015), electrochemical oxidation (Du et al., 2019), 

and enzyme catalysed degradation (Chen and Columbia, 2011), have been studied. Many of them 

have been studied with polymeric membranes using smaller oxidant dosages and milder oxidation 

conditions, to avoid potential damages to the membrane structure. Ceramic membranes, having 

robust chemical stability, are able to withstand various oxidants and radicals. Although the basic 

oxidation pathways vary among these different pre-oxidation processes, their mechanisms regarding 

fouling mitigation of ceramic membranes are related to four aspects: (i) decreasing the organic 

loading in the feed water (Zhang et al., 2015), (ii) altering the molecular/colloidal sizes of the organic 

contaminants (Filloux et al., 2012; Lee et al., 2005; Nguyen and Roddick, 2010) and (iii) changing the 

solute-solute and solute-membrane interactive affinities (Van Geluwe et al., 2011; Wang et al., 2017; 

Zhu et al., 2010). In this section of the chapter, focus was put on the effect of pre-oxidation on fouling 

propensity, cleanability and separation capability of ceramic membranes, in relation to the changes 

in physicochemical properties of organic pollutants and in pollutant-membrane interactions.  

Breakage and partial mineralization of organic substances 

Fouling alleviation of ceramic membranes through oxidation of the feed organics cannot be solely 

attributed to the reduction of DOC remained in the feed water and/or retained on the membranes. In 

present literature, no statistically significant correlation has been observed between the extent of 

fouling alleviation and the reduction of DOC retained in the fouling layers, when using pre-oxidation 

prior to ceramic membrane filtration. Winter et al. (2016) reported that UV/H2O2 pre-oxidation of 

NOM reduced the DOC, retained by an 8-kDa ceramic membrane, more substantially (70.1%) than 

pre-ozonation (42.9 %), while the decrease in fouling resistances after UV/H2O2 oxidation (12.5%) 

was, in turn, much smaller than after pre-ozonation (75.6%). Several studies showed that, the 

reductions of DOC (19.8−29.5%) in the fouling layers, as a result of pre-ozonation (5 mg O3 L−1) of the 

feed organics (i.e. EfOM, MLSS and AOM), were smaller than those of filtration resistance 
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(23.3−43.7%) during ceramic UF with the ozonated feed waters (Liu et al., 2018a; Tang et al., 2017; 

Wei et al., 2016). Likewise, Yang et al. (2019) reported a smaller reduction of DOC (45%) in the 

fouling layer, as compared to a decrease in filtration resistance (62.5%) during ceramic UF of a 

UV/TiO2 pre-oxidized HA solution. However, an opposite trend has also been documented that the 

DOC reduction (80.7%) in the fouling layer of a ceramic UF membrane, after UV/PMS pre-oxidation 

of an AOM solution, was much larger than the decrease in filtration resistance (35.0%) (Cheng et al., 

2018). Therefore, the removal of specific organic fractions and/or the alteration in physicochemical 

properties of feed organics, are of greater importance than the reduction of DOC, when using 

oxidation as a pre-treatment step before ceramic membrane filtration. 

2.3.2 Effect of oxidation on fouling/separation behaviour of ceramic membranes in 

relation to changes in surface interactions 

Changes in molecular/colloidal sizes of feed organics and size exclusion 

Fouling of ceramic membranes is mainly attributed to: (i) the formation of a cake layer by large-sized 

biopolymers and/or colloids on the membrane surface via size exclusion and (ii) internal adsorption 

or pore clogging by small-sized organics (Liu et al., 2018a; Liu et al., 2018b; Wei et al., 2016; Zhang 

et al., 2015). The occurrence or transition of the different fouling modes, during pre-oxidation 

incorporated ceramic membrane filtration, is related to the alterations of molecular and/or colloidal 

sizes of the foulants relative to the pore sizes of the membranes. Therefore, changes in the sizes of 

organic molecules and colloids during pre-oxidation of raw water, can affect the fouling and 

separation properties of ceramic membranes. Among literature, there has been no definite effect of 

feed water pre-oxidation on the changes in MW of the feed organics. Ozonation (Filloux et al., 2012; 

Song et al., 2017a; Wei et al., 2016), UV/H2O2 (Zhang et al., 2015), UV/TiO2 (Yang et al., 2019), UV (or 

Fe(II))/PMS (Cheng et al., 2018), ferrate(VI) (He et al., 2021a) and enzymatic reactions (Chen and 

Columbia, 2011), have shown effective breakdown of high-MW organic fractions (e.g. EfOM, NOM, 

AOM, HA and SA) into low-MW ones. However, other investigators found that the amount of mixed 

liquor organics, EfOM and NOM decreased in their entire MW ranges as a result of pre-ozonation (Ibn 

Abdul Hamid et al., 2017; Lehman and Liu, 2009; Liu et al., 2018a; Tang et al., 2017) or UV/H2O2 pre-

oxidation (Winter et al., 2016), without a significant change in the MW distributions. The inconclusive 

effect of these pre-oxidation processes on the MW variation of the feed organics, can be interpreted 

by the dependence of the oxidation efficiencies on both the nature of the raw waters and the oxidant 

dosages.  
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Size exclusion of loose ceramic (MF or UF) membranes weakens due to the breakage of high-MW 

organics into smaller fractions during pre-oxidation, thereby enabling more organics to pass through 

or be trapped within the membrane pores. As an example, Wei et al. (2016) observed that, during 

ceramic UF of an ozonated AOM solution, the DOC of the feed organics decreased maximumly by 20.2% 

with increasing the ozone dosage to 15 mg L−1, but the DOC in the permeate increased by up to 15.8%. 

Hence, careful control of the extent of pre-oxidation is required to reach a reasonable compromise 

between the fouling mitigation and pollutant rejection of ceramic membranes. Additionally, as the 

cake layer on ceramic membranes can act as a secondary separation layer, pre-oxidation is thus able 

to decrease the size exclusion of the membranes by suppressing the cake build-up. Song et al. (2017a) 

and Chen and Columbia (2011) reported that the rejection rates of SA during ceramic MF or UF 

increased as a function of filtration time, because of enhanced size exclusion through the progressive 

formation of cake layers on the membranes, which was, however, weakened in the presence of pre-

ozonation or alginate lyase based pre-oxidation. A number of researchers (Liu et al., 2018a; Tang et 

al., 2017; Winter et al., 2016; Yang et al., 2019) have demonstrated a reduction in cake formation on 

ceramic MF/UF membranes after pre-ozonation, UV/H2O2 or UV/TiO2 pre-oxidation of raw water, as 

evidenced by DOC decreases (12.8−75.9%) in the cake layers or rapidly reaching limited cake growth. 

Moreover, a fraction of medium-MW (1−10 kDa) organic matter tends to be adsorbed or trapped 

within the internal pores of loose ceramic membranes, which have widely been verified to result in 

physically irreversible fouling regardless of the use of ozonation (Ibn Abdul Hamid et al., 2017; Im et 

al., 2019; Liu et al., 2018a; Song et al., 2017a; Wei et al., 2016), UV/H2O2 (Winter et al., 2016; Zhang 

et al., 2015), UV/TiO2 (Yang et al., 2019) or UV/PMS (Cheng et al., 2018) as the pre-oxidation step. As 

such, the pore size of a ceramic membrane can, in theory, act as another factor determining the 

required degree of pre-oxidation. As an example, according to Winter et al. (2016), after NOM pre-

oxidation with ozone or UV/H2O2, the DOC reductions (44.6−48.6% vs. 44.7−51.9%) of the fouling 

layers and the MW characteristics of the oxidized NOM were comparable for 1 kDa and 50 kDa 

ceramic membranes, whereas the resistance decrease of the 1 kDa membrane (10.4−18.5%) was 

much smaller than that of the 50 kDa membrane (88.3−93.7%). 

Apart from MW alterations of soluble organic matter as a result of oxidative decomposition, the 

particulate/colloidal sizes of feed organics also vary during pre-oxidation. Pre-ozonation (Song et al., 

2018; Yin et al., 2020; Yu et al., 2017) and iron-based advanced oxidation processes, such as 

Fe(II)/H2O2 (Chiu and James, 2006), ferrate(VI) (Liu et al., 2019) and Fe(II)/PMS (Cheng et al., 2017b; 

Cheng et al., 2018) pre-oxidation, have been reported to converse organic molecules into larger 

particles through micro-flocculation, aggregation or coagulation. There is, however, no consensus on 
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how the variation of particulate/colloidal sizes affects the performance of ceramic membranes. For 

instance, ferrate(VI) pre-treatment (0.15 mM) has proved to increase the mean sizes of the particles 

in secondary effluent from 150−250 to 240−360 nm, because of coagulation induced by the in-situ 

formed Fe(III), leading to a more porous fouling layer (with an increase in the porosity from <4% to 

16−20%) during ceramic UF (Liu et al., 2018a; Liu et al., 2018b). However, Xue et al. (2016) reported 

that pre-ozonated ceramic membrane bioreactor, having smaller sludge flocs (~71.3 μm) than before 

pre-ozonation (~92.0 μm), in turn, developed lower fouling. Other two studies (Cheng et al., 2017a; 

Song et al., 2018) showed that the formation of micro-flocs or aggregates, during BSA pre-treatment 

by ozone or Fe(II)/PMS, aggravated the fouling of ceramic UF membranes. 

Changes in hydrophobicity of feed organics and hydrophobic/hydrophilic interactions 

Pre-oxidation of organic substances in raw water is capable of transforming the organics into less 

hydrophobic moieties, apart from directly mineralizing a proportion of the organics. A typical 

indication for the hydrophobicity/hydrophilicity transformation during oxidation is the decrease of 

SUVA (the ratio of UV254 (m−1) to DOC (mg L−1)), representing hydrophobicity (or aromaticity) of 

organic matter (Weishaar et al., 2003). Diverse pre-oxidation processes, e.g. ozonation (Gong et al., 

2008; Lehman and Liu, 2009; Winter et al., 2016), UV/H2O2 (Kim et al., 2009; Song et al., 2004; Winter 

et al., 2016), UV/TiO2 (Huang et al., 2008; Song et al., 2017b; Yang et al., 2019), UV/PMS (Cheng et al., 

2018), Fe(II)/PMS (Cheng et al., 2018; Fan et al., 2020) and ferrate(VI) (Song et al., 2016), have 

presented a decrease in SUVA from 1−5.5 to 0.5−2.5 L mg−1 m−1 for natural waters and wastewaters, 

corresponding to a conversion of the hydrophobic organics into hydrophilic and/or transphilic 

fractions or a preferential removal of the hydrophobic organics. As widely considered, a water type 

with SUVA > 4 L mg−1 m−1 contains mostly hydrophobic (aromatic) organic fractions, while waters 

with SUVA < 2−3 L mg−1 m−1 comprise mainly hydrophilic (aliphatic) fractions (Ates et al., 2007).  

Although a variety of pre-oxidation technologies have proved to convert hydrophobic organic 

fractions into hydrophilic ones, fewer studies have related the hydrophobicity/hydrophilicity 

conversion of organic matter to the fouling of ceramic membranes. The increase in hydrophilicity of 

feed organics can have an effect on cake layer fouling of ceramic membranes, mainly through: (i) 

reaching limited cake growth early, (ii) forming a porous cake layer and (iii) improving the 

cleanability of the membranes. As documented by Yang et al. (2019), after UV/TiO2 pre-oxidation of 

HA solutions, limited cake growth was reached more early during crossflow ceramic UF, and the 

formed cake layer was more readily reversed with backwash. They explained that the oxidized HA 

molecules with increased hydrophilicity became more susceptible to both the cross flow during 
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filtration and the backflow during backwash. Oxidized organic matter with increased hydrophilicity 

tends to bond with water molecules, thereby weakening the hydrophobic interactions between the 

organic matter and ceramic membranes and between the organic matter (Xue et al., 2016). For 

instance, Song et al. (2004) demonstrated that hydrophobic phenolic groups of NOM upon UV/H2O2 

oxidation were converted to quinone groups, which were more prone to form hydrogen bonds with 

water molecules rather than binding to each other.  

Many studies with regard to pre-oxidation coupled ceramic membrane filtration have demonstrated 

an ineffective removal (Cheng et al., 2018; Tang et al., 2017; Wei et al., 2016) or aggravation (Liu et 

al., 2018a; Zhang et al., 2015) of irreversible fouling (e.g. pore clogging) during filtration with 

oxidized feed waters, because of an increase in hydrophilic, low-MW organic fractions. Song et al. 

(2017a) and Im et al. (2019) reported an exception that the irreversible fouling was alleviated during 

ceramic UF with an alginate solution and wastewater effluent in the presence of pre-ozonation, 

presumably because some of the residual ozone penetrating into the membrane pores further 

cleaned the internal fouling. It remains, however, unclear how the ineffective removal of the 

irreversible fouling of the ceramic membranes with pre-oxidation was related to the more 

hydrophilic nature or the lower molecular weight of the oxidized feed organics. Zhang et al. (2015) 

observed that the more hydrophilic, medium-MW AOM after UV/H2O2 oxidation was more 

substantially retained (57.8%) by a ceramic MF membrane with causing higher irreversible fouling, 

than was the less hydrophilic, equally-sized AOM (15.2%) after coagulation. A study of Wei et al. 

(2016) provided evidence for that irreversible fouling of ceramic membranes is mainly related to 

hydrophilicity, rather than molecular weight, of feed organics. They demonstrated that the foulants, 

causing the irreversible fouling of the ceramic UF membrane, were predominantly present as the 

hydrophilic, medium-MW (1−10 kDa) fraction of AOM, whereas the hydrophobic fraction at the same 

MW was nearly not retained by the membrane. However, there are two studies reporting an opposite 

trend. Cheng et al. (2018) revealed that the less hydrophilic, medium-MW fraction of UV/PMS 

oxidized AOM led to higher irreversible fouling during ceramic UF than the more hydrophilic, 

equally-sized fraction of Fe(II)/PMS pre-treated AOM. Yang et al. (2019) found that, as compared to 

the case without pre-oxidation, an increased number of medium-MW HA fractions were retained 

within the pores of ceramic UF membranes after UV/TiO2 pre-oxidation, however, the irreversible 

(internal) fouling was reduced as a result of the increased hydrophilicity of the medium-MW HA 

fractions. The difference in relative dominance between the changes in 

hydrophobicity/hydrophilicity and MW of these feed organics during pre-oxidation is a possible 

reason for the disagreement in the literature with regard to whether the more or the less hydrophilic 
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organics act as prevailing irreversible foulants. Therefore, understanding how medium MW in 

combination with hydrophilicity/hydrophobicity of oxidized organics behave as a combined 

mechanism for irreversible fouling of ceramic membranes, remains an interesting issue for further 

studies. 

Changes in charge properties of feed organics and electrostatic interactions 

Pre-oxidation is able to modify the charge properties of particles in feed water through oxidizing the 

organic coating on the surface of the particles, with the formation of relatively polar functionalities 

(e.g. aldehydes, ketones and carboxylic acids). Most studies reported an increase in negative charges 

of various feed organics, e.g. SA (Yu et al., 2017), BSA (Yin et al., 2020), NOM (Yu et al., 2018) and 

EfOM (Im et al., 2018; Liu et al., 2018a), upon ozonation, except for an opposite tendency observed 

during mixed liquor ozonation (Tang et al., 2017). The number of carboxylic groups of feed organics 

increases as a result of pre-ozonation, thereby enhancing their negatively charged nature (Yin et al., 

2020; Zhu et al., 2010). Unlike pre-ozonation processes, feed organics, upon ferrate(VI) pre-oxidation, 

usually undergo a decrease in their negative charges, attributed to charge neutralization by the in-

situ formed ferric oxyhydroxide (He et al., 2021a; He et al., 2021b). As previously demonstrated (Liu 

et al., 2019; Liu et al., 2018a; Liu et al., 2018b), ferrate(VI) pre-treatment weakened the electrostatic 

repulsion between suspended solids with reduced charges, resulting in increased mean particle sizes 

and thus an increase in porosity of the formed fouling layers on ceramic membranes. Ferric 

(oxyhydr)oxide particles (Fe2O3, FeOOH and amorphous ferric), in-situ formed during the reduction 

of ferrate(VI), have a zeta potential of around 0 mV at pH = 7, and are able to adsorb ferrate oxidation 

products (e.g. carboxylic acid) via hydrogen bonding (Yang et al., 2018). The (oxyhydr)oxide particles 

with the adsorbed foulants are thus considered to remain an electrostatically repulsive interaction 

between the particles, further contributing to the porous structure of the fouling layer (He et al., 2023; 

Tang et al., 2022). The negatively charged functionalities (e.g. carboxylic groups) of feed organics 

tend to increase as a result of ferrate(VI) oxidation (Liu et al., 2018b; Tang et al., 2022) or other 

typical oxidation, such as UV/H2O2 (Ahmed et al., 2009; Backlund, 1992), UV/TiO2 (Ruppert et al., 

1994), with an indication of decreased pH of raw water along with oxidation. Nonetheless, it is not 

always true that foulants with more negative charges exert less fouling of negatively charged 

membranes, while having more fouling of positively charged membranes. As an example, Song et al. 

(2018) reported an occurrence of minimum fouling of a positively charged Al2O3 membrane after 

pre-ozonation of a BSA feed solution at 2 mg O3 L−1, wherein the negative charges of the BSA solution 

were highest and the membrane-BSA electrostatic attraction was strongest. 
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2.4 Conclusions and future prospects 

This chapter reviewed current studies concerning surface interactions in relation to 

separation/fouling behaviour of ceramic membranes in water treatment in the absence and presence 

of oxidation, and proposed key knowledge gaps and future prospects. The results show that oxidation 

of organic matter in feed water can exert a positive or negative effect on separation capabilities and 

fouling mitigation of ceramic membranes, depending on the whole change of different surface 

interactions between the organic matter and the membranes.  

Key knowledge gaps were identified, as listed below, based on the literature review and discussion. 

(1) Present knowledge on surface interactions in relation to fouling of ceramic membranes is 

mainly limited to MF and UF processes. A clear understanding of fouling behaviour and 

characteristics of ceramic NF membranes in water treatment is still lacking; 

(2) Available studies about utilizing oxidation methods for fouling control of ceramic membranes 

are predominantly focused on dosing oxidants in feed water, which suffers a risk of secondary 

pollution due to a potential passage of the oxidants and/or oxidation by-products into the 

permeate. Very little attention has been paid to using (catalytic) oxidation during cleaning of, 

in particular, ceramic NF membranes.  

To address the aforementioned knowledge gaps, the following research directions are suggested:  

(1) Fouling behaviour and characteristics of ceramic NF membranes should be explored with both 

model foulants for a mechanism study and real water/wastewater matrices for applied 

research; 

(2) More efforts need to go into developing cost-effective coating methods for immobilizing a 

proper catalyst on/in a ceramic NF membrane. Oxidative cleaning of ceramic NF membranes, 

in terms of efficacy and mechanisms, should be studied in relation to specific fouling 

characteristics of the membranes. 

List of abbreviations 

PC Polycarbonate 

PES Polyethersulfone 
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PVP Polyvinyl pyrrolidone 

PVDF Polyvinylidene fluoride 

PVC Polyvinyl chloride 

RC Regenerated cellulose 

TFC Thin film composite 

AFM Atomic force microscopy 

XDLVO Extended Derjaguin-Landau-Verwey-Overbeek  

MF Microfiltration 

UF Ultrafiltration 

NF Nanofiltration 

CTAB Cetyl-trimethylammonium bromide  

SDBS Sodium dodecyl benzenesulfonate  

SDS Sodium dodecyl sulfate  

DTAB Dodecyl-trimethylammonium bromide 

MW Molecular weight 

MWCO Molecular weight cut-off 

PEG Polyethylene glycol 

EPS Extra-cellular polymeric substances 

KMnO4 Potassium permanganate 

TiO2 Titania 
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ZrO2 Zirconia 

Al2O3 Alumina 

SiO2 Silica 

SiC Silicon carbide 

IONs Iron oxide nanoparticles 

α-Si3N4 Silicon nitride 

H2O2 Hydrogen peroxide 

DOC Dissolved organic carbon 

UV254 UV absorbance at 254 nm 

SUVA Specific UV absorbance at 254 nm 

●OH Hydroxyl radical 

SMP Soluble microbial product 

AOM Algal organic matter 

MLSS Mixed liquor suspended solid 

EfOM Effluent organic matter 

NOM Natural organic matter 

OSPW Oil sands process-affected water 

PMS Peroxymonosulfate 

Fe(II) Ferrous 

HA Humic acid 
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SA Sodium alginate 

BSA Bovine serum albumin 

Rr Hydraulically reversible fouling resistance 

Rir Hydraulically irreversible fouling resistance 

Rt Retention ability 

HPO Hydrophobic substance 

HPI Hydrophilic substance 

TPI Transphilic substance 
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Abstract 

Ceramic nanofiltration (NF) is a newly-developed technology for water recycling, but is still limited 

to pilot-scale applications. Lacking efficient and eco-friendly strategies for cleaning ceramic NF 

membrane impedes its scaling-up in industries. Forward flush, backwash and acidic/caustic cleaning 

are not efficient enough. In this chapter, a novel oxalic acid-aided Fenton process was proposed for 

synergistic relaxation/oxidation of persistent Ca2+-mediated gel-like fouling of ceramic NF 

membrane. A reactive catalyst layer was online pre-coated on top of the membrane via a pressure-

driven cross-flow pre-filtration of Fe3O4 hydrosols. The gel-like fouling was simulated by alginate in 

the presence of Ca2+ ions. Results show that the Fe3O4 loading could be readily tuned from 0.16 to 

1.34 g m−2 by altering the permeate flux during the pre-coating. The membrane permeance loss due 

to the pre-coating was minimal (<10%). The combination of oxalic acid chelation and Fenton-based 

oxidation resulted in high flux recovery (85.07%) for the iron-oxide pre-coated membrane, whereas 

the single treatment by hydrogen peroxide (H2O2) or oxalic acid was inefficient. This synergistic effect 

was attributed to relaxation of the Ca2+-mediated gel layer via oxalic acid/Ca2+ chelation, which 

presumably facilitated H2O2 diffusion at the Fe3O4/foulant interface. The iron-oxide pre-coated 

membrane maintained stable initial normalized fluxes (83.33−90.15%) through the oxalic acid/H2O2 

cleaning over five cycles, with no need of refreshing the iron-oxide pre-coat. Additionally, the 

leaching of iron from the iron-oxide pre-coat by oxalic acid was suppressed by the oxalic acid/H2O2 

combination, owing to a reactive shielding by competitive sorption of H2O2 onto the Fe3O4 surface. 

Overall, the synergistic relaxation/oxidation method, demonstrated in this chapter provides new 

insights into improving reactivity of Fenton-based processes on hybrid catalytic ceramic membranes 

for water treatment or fouling control. 

3.1 Introduction 

Ceramic nanofiltration (NF) has emerged as an attractive new technology for non-potable water 

recycling from municipal sewage and secondary wastewater effluent, given its good robustness and 

separation capability upon various organic molecules (>450 Da) and small colloids (Fujioka et al., 

2014; Kramer et al., 2015). Formation of a low permeable gel layer on the surface of ceramic NF 

membranes during filtration, plays a significant role in the membrane fouling, which affects the 

water-yielding capacity and energy consumption in water treatment (Wang and Waite, 2008; Zhao 

et al., 2018). Typically, polysaccharides (i.e. alginate) are considered to be a major contributor to the 

gel layer formation, attributing to the strong bridging between carboxylic groups of the 

polysaccharide molecules and divalent or multivalent metal ions (i.e. Ca2+ and Fe3+) (Xin et al., 2016; 
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Xin et al., 2015; Zhang et al., 2017). Regardless of the hydrophilic surface (contact angle: 20−30°) of 

ceramic NF membranes, forward flush is ineffective for the gel-type fouling due to its strong 

adherence to the membrane (Mustafa et al., 2014; Zhao et al., 2018). Backwash cannot be applied to 

ceramic NF membranes because of physical damage to the end-sealing under high transmembrane 

pressures (TMP), in addition, the backwash velocity is limited at pressures below 10 bar (Fujioka et 

al., 2018). Therefore, off-line chemical cleaning of the membranes with alkaline, acid, or hypochlorite 

is frequently needed, disrupting the continuous filtration and influencing the membrane integrity 

(van den Brink et al., 2009; Wadekar and Vidic, 2018). In addition, chemical cleaning agents, such as 

NaOH and citric acid, are incapable of fully eliminating the foulants even if the flux was entirely 

recovered, leading to a progressive flux decrease with successive filtration cycles (Zhao et al., 2018). 

Membrane modification with Fenton catalysts enables foulant removal on the membrane surface via 

on-site generation of reactive oxygen species (i.e. ●OH), after addition of hydrogen peroxide (H2O2) 

(Mauter et al., 2018). The co-existence of catalysts, H2O2 and foulants on a catalyst-modified 

membrane surface could create conditions that are favourable for fouling layer decay, because of the 

short diffusive transport distance in Fenton oxidation processes at the catalyst/foulant interface 

(Yang et al., 2016). The Fenton oxidation processes on the membrane surface aim to attack the 

anchoring sites at the catalytic membrane/foulant interface, which would result in fouling layer 

detachment. De Angelis and de Cortalezzi (2016) reported that Fenton reactions on an iron-oxide 

modified ceramic membrane achieved a flux recovery of 80% with bovine serum albumin 

degradation percentage of 40%, indicating an underlying detachment or relaxation of the fouling 

layer by Fenton oxidation. According to Sun et al. (2018), UV/H2O2 photo-Fenton oxidation on a α-

FeOOH-coated ceramic membrane was able to limit the increase of TMP to a plateau level, during 

continuous filtration of humic acid solutions. Above mentioned studies, however, only have paid 

attention to the viability of using membrane-surface-localized Fenton reactions for fouling control, 

but in water treatment by ceramic membranes, a persistent fouling layer (i.e. gel-like foulants) on the 

membrane surface may affect the reactivity of Fenton processes, which is still unresolved and poorly 

understood (De Angelis and de Cortalezzi, 2016; Sun et al., 2018). 

Accumulation of foulants on catalytic membranes shortens the mass transfer distance of ●OH for 

foulant decay, which, in principle, is favourable for catalysed oxidation on the membrane surface 

(Zhang et al., 2016). However, the fouling layer itself, as an undesirable steric barrier, could limit the 

diffusive transport of H2O2 onto the catalytic sites and hamper the oxidation of foulants. In particular, 

the gel layer composed of biopolymers (i.e. polysaccharides) on the membrane surface could act as a 
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mass transfer hindrance (Zhou et al., 2017). With the aid of Ca2+ ions, ubiquitous in natural water 

bodies, the cross-linked networks of the gel layer would be further intensified and compressed under 

pressure-driven filtration, due to intermolecular bridging between foulant molecules or charge 

screening by Ca2+ (Li et al., 2009; Zhang et al., 2017). As such, the Ca2+-mediated gel-like fouling layer, 

with low permeance, affects the application of Fenton-coupled ceramic membranes for water 

treatment or fouling control in practice (Chen et al., 2016; Wang and Waite, 2008). Therefore, H2O2 

mass transfer on catalyst-immobilized membranes should be improved to enhance Fenton oxidation 

for fouling control. 

Ligand exchange reactions, governed by chelating agents, are capable of extracting Ca2+ from the Ca2+-

mediated gel layer, rendering a relaxed conformation of the gel layer through resuming intra- or 

inter-molecular or foulant-membrane electrostatic repulsion or destructing intermolecular bridging 

(Li and Elimelech, 2004). As such, loosening fouling layer structures could also be expected as a factor 

contributing to flux recovery, in addition to removing the fouling layer from membrane surfaces. 

Nonetheless, Song et al. (2004) has reported that chelating agent cleaning might be ineffective for 

Ca2+-unbound foulant molecules, which are generally protonated under acidic conditions. As 

reported by Athanasekou et al. (2009), ceramic NF membranes, with alginate deposited on their 

surfaces, would undergo an evident permeance drop (~50%) upon exposure to divalent metal 

cations, due to pore narrowing/blocking induced by complexation between the divalent metal 

cations and alginate’s carboxylic groups. It can thus be speculated that some residual foulants on 

membranes, after Ca2+ extraction through chelation cleaning, could release their binding sites (i.e. 

carboxylic groups) for free metal cations (i.e. Ca2+) in aqueous phase, which might reorganize cross-

linked gel networks on the membranes and lead to a flux decline upon exposure to Ca2+. Additionally, 

some foulants, tightly embedded in the concavities or pore-openings of membrane surfaces, were not 

amendable to chelation cleaning (Lu et al., 2016b; Song et al., 2004). 

In this chapter, a novel synergistic method of using chelating-agent relaxation and Fenton-based 

oxidation was proposed, for cleaning persistent gel-like fouling of ceramic NF membranes. Fe3O4 

hydrosol nanoparticles were adopted as active Fenton catalysts to form an iron-oxide pre-coat on the 

membrane surface prior to fouling, due to their capability of triggering Fenton-based oxidation and 

facile synthesis processes. Sodium alginate, which is known to form gel aggregates through a so-

called egg-box model in the presence of calcium ions, was chosen as a representative gel-like foulant 

to develop a gel layer on the membranes (van den Brink et al., 2009; Zhang et al., 2017). As suggested 

by pre-coated membranes prepared by particle materials (i.e. iron oxide and powdered activated 
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carbon) reported elsewhere, the gel foulants are supposed to be deposited on top of the iron-oxide 

multilayer and within its porous channels (Kim et al., 2017; Soesanto et al., 2019). Oxalic acid was 

used to assist the Fenton-oxidative cleaning of the iron-oxide pre-coated membranes, in light of its 

functions of complexing with Ca2+-mediated gel layer and good resistance to ●OH-radical oxidation 

(Rodríguez et al., 2009). 

3.2 Materials and methods 

3.2.1 Chemicals and membranes 

Ferric chloride hexahydrate (FeCl3∙6H2O, ≥99.0%), ferrous chloride (FeCl2, ≥98.0%), sodium alginate 

(≥99.0%) and oxalic acid (C2H2O4, ≥99.0%) were purchased from Sigma-Aldrich. H2O2 (30%), calcium 

chloride dihydrate (CaCl2∙2H2O, ≥99.0%), H2O2 test kits (limit of detection (LOD): 0.03−6 mg L−1) and 

iron test kits (LOD: 0.10−5 mg L−1) were purchased from Merck (Germany). All chemicals were used 

as received. Commercially available TiO2 NF membranes (Inopor GmbH, Germany) with nominal 

molecular weight cut-off of 450 Da and mean pore size of 0.9 nm were used in this chapter (Table 

S1). The membranes have a single channel and a tubular configuration with dimensions of 10 mm in 

outer diameter, 7 mm in channel diameter and 100 mm in length. The effective filtration area of each 

membrane is 0.00163 m2. The membranes were sealed with epoxy glue on the membranes edges to 

avoid feed water passing through the edges prior to use. The membranes were operated in an inside-

out mode during filtration.  

3.2.2 Synthesis of iron oxide hydrosol nanoparticles 

Wet-state Fe3O4 hydrosol catalysts were synthesized with the sol-gel method (Kang et al., 1996). In 

brief, 4.00 g FeCl2 and 17.07 g FeCl3∙5H2O were successively dissolved into 0.1 L of a 0.60 M HCl 

solution. The acidified solution of ferrous/ferric ions (Fe(II)/Fe(III)) was then dropwise added into 

2.0 L of a 0.15 M NaOH solution with continuously stirring at a speed of 200 rpm, until the solution 

reached a pH of 2.5. The obtained black Fe3O4 hydrosols appeared well suspended and dispersed, 

which were favourable for iron-oxide pre-coating through pressure-driven pre-filtration processes. 

The Fe3O4 hydrosols were stored in a fridge at 4 °C prior to use.  

3.2.3 Integrative pre-coating/filtration/cleaning system 
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Figure 3.1 Schematic of integrative pre-coating/filtration/cleaning system of ceramic nanofiltration 

membrane. 

Catalyst pre-coating, fouling and cleaning of ceramic NF membranes were operated in an integrative 

apparatus (Figure 3.1). Fe3O4 hydrosols were used for the catalyst pre-coating through a cross-flow 

filtration to in situ form a uniform iron-oxide pre-coat on the membrane surface. The Fe3O4 

suspension (47.0 mM) was spiked into a demineralized water feed stream and the pre-coating 

filtration was operated at TMP of 2.0−10.0 bar and at a cross-flow velocity of 0.65 m s−1 for 30 min. 

Laminar cross-flow inside the membrane channel was adopted to promote Fe3O4 deposition onto the 

membrane surface. The Fe3O4 loading on the membranes, ahead of fouling/cleaning experiments, 

was determined by fully dissolving the iron oxide pre-coat with oxalic acid solutions and measuring 

the dissolved iron. For a ceramic NF membrane with a specific permeance, the Fe3O4 loading can be 

readily reproduced by tuning permeate volume during Fe3O4 pre-filtration under a certain TMP. 

Therefore, the Fe3O4 loading amount, measured before batch experiments, can be regarded as the 

initial iron loading. The deposition and packing of Fe3O4 nanoparticles largely relied on the permeate 

flux and cross flow velocity (Anantharaman et al., 2020), which determined the mass transported to 

the membrane surface (nominal Fe3O4 loading) and the mass swept away from the membrane (Fe3O4 

loss), respectively. The nominal loading mass and coating efficiency of Fe3O4 nanoparticles could be 

calculated as described in Text S3.1.  
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Fouling processes were conducted after the iron oxide pre-coating of ceramic NF membranes, using 

a synthetic foulant sodium alginate. NaCl (5.0 mM) and CaCl2 (3.0 mM) were added into sodium 

alginate solutions (0.8 g L−1) to simulate the solution chemistry of natural waters. NaHCO3 (1.0 mM) 

was added to maintain pH 7.0 (Text S3.2). Filtration was carried out in a bench-scale cross-flow mode 

(Figure 3.1). Prior to fouling tests, the pristine and iron-coated membranes were pre-compacted with 

demineralized water under 3.0 bar until a stable flux was reached. The membranes were then 

stabilized with demineralized water for 10 min to determine the stable initial permeate flux (J0). 

During the fouling experiments, the retentate was recycled to the feed tank (50 L), while the 

permeate was collected continuously for measuring the permeate flux. The filtration experiments 

were executed at a constant TMP of 3.0 bar with initial fluxes of >50 L m−2 h−1 during fouling, which 

should be a regular flux for ceramic NF and sufficient for the formation of gel fouling with 

concentrated alginate solutions (Kramer et al., 2019). A cross-flow velocity of 1.0 m s−1 were adopted 

during the fouling experiments (for 60 min). The Reynolds number of 6116 was used during the 

filtration to create turbulent conditions. In the filtration tests with the iron-oxide pre-coated 

membranes, the content of total iron in the permeate side was lower than the detection limit of 0.1 

mg L−1, which is below the permissible limit of iron in drinking water (0.3 mg L−1, WHO standard) 

(Haldar et al., 2020).  

Membrane cleaning was performed by circulating a mixed solution of oxalic acid/H2O2 in the feed 

channel as illustrated in Figure 3.1. The cleaning performance was evaluated by tracking the 

permeate flux over multiple filtration cycles. An oxalic acid/H2O2 solution with 30.0 mM H2O2, 11.1 

mM oxalic acid and pH = 2.5 were adopted, corresponding to the optimum value for Fenton cleaning 

based on previously executed optimization tests (data not shown). Herein, as suggested by Mailen et 

al. (1981), degradation of oxalic acid by H2O2 could be assumed negligible due to the slow reaction 

rate (k < 2.8×10−6 M−1 s−1) at 20 °C. Membrane cleaning in our experiments was conducted at a low 

cross-flow velocity (0.02 m s−1), in order to reduce the hydraulic scouring on the iron-oxide pre-coat. 

Each fouling/cleaning cycle consisted of four sequential steps: a) permeate flux test using 

demineralized water, b) filtration of the synthetic foulant solution, c) membrane cleaning with the 

oxalic acid and/or H2O2 solution, and d) permeate flux test using demineralized water. Cleaning with 

only oxalic acid or H2O2, or with a combination of oxalic acid and H2O2 were conducted in parallel for 

the pristine and Fe3O4-coated membranes, respectively, in order to separately explore the individual 

roles of oxalic acid and H2O2 in the synergistic oxalic acid-assisted Fenton cleaning. Afterwards, the 

cleaned membranes were soaked into a CaCl2 solution (3.0 mM, pH = 7.0), then the flux decline upon 

Ca2+ exposure (for 12 h) was investigated to evaluate the foulant removal from the membrane surface, 
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since re-compaction of remaining foulants could occur and form again a compact layer due to Ca2+ 

complexation. Flux recovery ratios after membrane cleaning were calculated using Equation (3.1). 

𝐹𝑟 =
𝐽𝑐 − 𝐽𝑓

𝐽𝑤 − 𝐽𝑓
× 100%  (3.1) 

where Jc (L m−2 h−1) is the flux of demineralized water after cleaning, Jw (L m−2 h−1) represents the 

initial flux of demineralized water prior to fouling tests, and Jf (L m−2 h−1) is designated to the water 

flux after membrane fouling. The filtration/cleaning experiments were performed in duplicate, and 

the variations in terms of membrane permeance before/during fouling or after cleaning were within 

a 5% difference. 

Multicycle fouling/cleaning experiments were also conducted at bench scale, with a fouling duration 

of 60 min and cleaning time of 15 min in each cycle. The unified membrane fouling index (UMFI) was 

used to quantitatively assess the total fouling and chemically irreversible fouling of the iron-oxide 

pre-coat with the oxalic acid-coupled Fenton cleaning. A detailed description of the UMFI has been 

provided elsewhere (Huang et al., 2009). The UMFI was defined as a slope in the linear equation given 

in Equation (3.2).  

1

𝐽𝑠
′ = 1 + (𝑈𝑀𝐹𝐼) × 𝑉𝑠  (3.2) 

where Js' is the normalized specific permeate flux, and Vs (L m−2) represents the unit permeate 

volume. A higher UMFI (m2 L−1) value implies a faster decrease of Js'. Herein, the total fouling refers 

to the membrane fouling before hydraulic or chemical cleaning, and the chemically irreversible 

fouling denotes the residual fouling after chemical cleaning (oxalic acid/H2O2 cleaning). The total 

fouling index (TFI) was further calculated by a linear regression of fouling data of each filtration cycle. 

The chemically irreversible fouling index (CIFI) was finally determined by collecting the starting 

points of each filtration cycle by linear regression. The two-point approach, using the starting points 

of the first and final cycles, was also adopted for comparison (Huang et al., 2009). 

Real surface water was also fed to the iron-oxide pre-coated ceramic NF membrane to test the 

applicability of the oxalic acid-aided Fenton-based cleaning strategy in practice. Canal water was 

collected at the Delftse Schie (Delft, the Netherlands) and pre-filtrated with a fine sieve of 1 mm mesh 

width before NF. Key water quality parameters of the canal water are summarised in Table S3.2. It 

should be noted that the fouling with alginate solutions is an accelerated fouling with a much higher 

load (0.8 g L−1) than that of the pilot experiment in canal water treatment (11.9 mg L−1, Table S3.2). 
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As suggested by one of our previous studies, using this model solutions, a pilot fouling experiment of 

five days could be simulated in two hours, due to the faster fouling by the concentrated alginate 

solutions (Kramer et al., 2015). 

3.2.4 Characterization of iron oxide nanoparticles and membranes and analysis of 

water quality  

Morphologies of Fe3O4 nanoparticles and top/cross-sectional views of iron-coated membranes were 

observed by transmission electron microscope (TEM, JEM-2100 HR, JEOL, Japan) and scanning 

electron microscopy (SEM, Hitachi S-3400 II, Japan) equipped with energy dispersive spectroscopy 

(EDS). X-ray diffraction (XRD) was performed with an XRD diffractometer (D8-Advance, Bruker, USA) 

with Cu Kα radiation at 45 kV and 40 mA. Specific surface area was determined by N2 adsorption-

desorption tests at 77 K (ASAP-2010C, Micromeritics Instrument, USA). The standard Brunauer-

Emmett-Teller model was used to calculate the surface area (SBET) of the dried particles. Average 

particle size of Fe3O4 nanoparticles was estimated based on the SBET value presuming a spherical 

morphology of the Fe3O4 (Text S3.3). Dissolved organic carbon (DOC) was determined by a total 

organic carbon analyser (TOC-VCPH, Shimadzu, Japan). The ions in the canal water samples were 

measured by ion chromatography (883 Basic IC plus, Metrohm Instrument, the Netherlands). UV254 

was determined by UV/vis spectrometer (GENESYS 10S UV-Vis, Thermo Scientific, USA) with a 

quartz cell (1 cm). Fe Leaching of iron oxide pre-coat was measured in a photometer (Spectroquant 

NOVA 60, Merck KGaA, Germany) using iron test kits. H2O2 concentration was measured by hydrogen 

peroxide test kits. During each test, the samples were filtered through 0.45 μm filters to retain 

possible impurities. 

3.2.5 Iron leaching of iron-oxide pre-coated membranes  

Stability and Fenton-based (homogeneous or heterogeneous) reactions are greatly dependent on the 

Fe leaching of iron-oxide pre-coat. To understand the iron leaching, the dissolution of iron from the 

iron-oxide pre-coat was explored during the membrane cleaning with sole oxalic acid (or H2O2) and 

oxalic acid/H2O2 combination. The iron-oxide pre-coated membranes were subjected to Ca2+-alginate 

fouling with varying durations (i.e. 1 and 3 h) to simulate actual conditions of iron leaching during 

membrane cleaning. The iron leaching tests were performed at 20 °C and pH 2.5. Aliquots of 8.0 mL 

were withdrawn at selected time intervals and filtered for analysing the Fe concentration to 

determine the iron dissolution rate of the iron-oxide pre-coat. During batch cleaning, the dissolved 

(or fallen) iron was detected, which could be used for determining the loss amount of Fe3O4 from the 
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membrane in cleaning processes. For determining the iron loss during the H2O2 batch cleaning, oxalic 

acid was introduced into H2O2 solutions after the batch cleaning so as to entirely dissolve the fallen 

Fe3O4 solids, which assured that all the lost iron could be measured as Fe(II) or Fe(III) ions. In order 

to study the possible competition between H2O2 and oxalic acid towards the active sites on the Fe3O4 

catalytic layer, adsorption of oxalic acid was conducted in the absence and presence of H2O2. To 

exclude the interference of ceramic membrane, the solid particles, dried from Fe3O4 hydrosols, were 

used for the adsorption experiments. The Fe3O4 particles (1.0 g L−1) were mixed and stirred with 

oxalic acid (0.55 and 11.0 mM) at pH = 2.5 in the absence and presence of H2O2 (30.0 mM). The loading 

of oxalic acid on the Fe3O4 powders was determined based on mass balance. 

3.3 Results and discussion 

3.3.1 Characterization of iron-oxide pre-coated membranes 

 

Figure 3.2 Characterization of Fe3O4 hydrosols and ceramic nanofiltration membranes: (a) TEM image 

of Fe3O4 hydrosol nanoparticles. (b) Top-view SEM image of pristine membrane. Cross-section SEM 

images with inset EDS profiles and top-view SEM images of iron-oxide pre-coated membranes prepared 

at (c, d) 2.0 bar, (e, f) 6.0 bar and (g, h) 10.0 bar. 

Figure 3.2a shows that the Fe3O4 hydrosol nanoparticles were suspended and well-dispersed in 

aqueous solutions, supplying good characteristics for Fe3O4 pre-coating. Spherical configurations 

were observed for most Fe3O4 nanoparticles with diameters <20 nm, a minor fraction of the 

nanoparticles exhibited a distinctive acicular-like structure that might be typical for goethite 

nanorods (Figure 3.2a) (Tang et al., 2006). The average particle size of the Fe3O4 nanoparticles was 
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12.72 nm (Table S3.3) larger than the nominal pore size (0.9 nm on average, provided by the 

manufacturer, Table S3.1) of the membranes, indicating that the Fe3O4 nanoparticles could be 

successfully deposited onto the membrane surface without penetrating into the membrane pores. As 

depicted in Figure 3.2c, e and g, the membranes pre-filtered with Fe3O4 nanoparticles at higher TMP 

(6.0 and 10.0 bar) presented thicker (3.0 and 4.7 µm, respectively) and more uniform iron-oxide 

layers than that formed at 2.0 bar (1.1 µm in thickness, nonuniform), probably attributing to a larger 

permeate volume and greater compaction effect under the higher pressures. Additionally, the Fe3O4 

layers (1.1−4.7 µm) appeared to be much thicker than that of the TiO2 active layer (~50 nm, supplied 

by the manufacturer), suggesting that the abundant nanostructured and interconnected channels, 

stacked by the Fe3O4 nanoparticles on the membrane surface, could also act as a pre-filtration media 

before filtration over the active layer. As such, the Fe3O4 layer could be used as a protective film to 

alleviate the fouling of the membranes in water treatment (Lu et al., 2016a). According to the top-

view SEM image (Figure 3.2b), the pristine membrane displayed a dense smooth active layer surface 

with no apparent defects on the top surface. The iron-oxide pre-coated membranes, however, had 

relatively rough surfaces (Figure 3.2d, f and h). The iron-oxide layers prepared at 6.0 and 10.0 bar 

exhibited more homogeneous surfaces than that formed at 2.0 bar. 

3.3.2 Iron oxide loading and its impact on permeance of ceramic NF membranes 

 

Figure 3.3 (a) Fe3O4 loading during pre-coating filtration at different transmembrane pressures (TMP). 

Inset: Fe3O4 coating efficiency vs. applied TMP. (b) Effect of Fe3O4 loading on the permeance of iron-

oxide pre-coated membranes. Error bars represent standard deviation of the values in duplicate. 

As shown in Figure 3.3a, the actual loading of Fe3O4 (0.16−1.34 g m−2) appeared to be somewhat 

smaller than estimates (0.33−1.70 g m−2) through Fe3O4 retention during the cross-flow filtration, 
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determined by the permeate volume and Fe3O4 concentration (13.02±0.62 mg L−1) in the feed (Text 

S3.1). This was probably because the permeate flow inclined to deposit the Fe3O4 nanoparticles onto 

the membrane surface to form a cake layer, while the shearing force of cross-flow tended to flush 

away the accumulated particles, to some extent lowering the actual Fe3O4 loading on the membranes 

(Song and Elimelech, 1995). Herein, measurement of Fe3O4 loss was also considered when 

determining the actual loading amount of Fe3O4 nanoparticles (Text S3.1), in order to optimize TMP 

for improving coating efficiency. The actual loading of Fe3O4 was positively related to the TMP, 

suggesting that a higher permeate flux was more favourable for Fe3O4 deposition on the membrane 

surface. Under each filtration TMP, it was inevitable to lose a part of Fe3O4 particles due to the 

shearing force of cross-flow filtration, but the proportion of the Fe3O4 mass loss was decreased from 

50.20% to 20.86% with increasing the TMP from 2.0 to 10.0 bar. Thus, the coating efficiency was 

successfully improved from 49.80% to 79.14% by a higher operating TMP, as indicated by the inset 

of Figure 3.3a.  

As depicted in Figure 3.3b, in comparison with the pristine membrane, the Fe3O4 loading of 0.20 g 

m−2 decreased the membrane permeance by only 8.18%. Subsequently, the permeance reached a 

plateau even when the Fe3O4 loading was further increased to 1.36 g m−2 (adopted in our 

experiments), which led to a permeance decline of 9.98%. The low influence of the iron-oxide 

loadings (or thickness) on the demineralized water permeance of the membrane could be interpreted 

by the much higher porosities (>0.9, Text S3.4) of the iron-oxide layers than that of the supporting 

membrane (0.3−0.4, provided by the manufacturer). In contrast to the stable permeance of ceramic 

NF membranes (~25 L m−2 h−1 bar−1) loaded with different amounts of Fe3O4 (0.20−1.36 g m−2), pre-

coating of microfiltration (MF) and ultrafiltration (UF) membranes, as earlier reported, produced a 

sharp decline in membrane permeance (by ~90%) after coating with nanoparticles (i.e. multi-walled 

carbon nanotubes and magnesium hydroxides), due to a rapid pore blockage of the membranes 

(Ajmani et al., 2012; Zhao et al., 2005). The Fe3O4 coating layer on the ceramic NF membranes was 

expected to be sufficiently porous with gaps between the particles larger than the membrane pore 

size due to the much larger size of the Fe3O4 particles (12.72 nm) than that of the nominal membrane 

pores (0.9 nm), which correspondingly provided interconnected channels for maintaining a steady 

water permeation. This advantage of ceramic NF membranes made it feasible to tune catalyst loading 

on the membranes without considerable loss of membrane permeance, in order to supply adequate 

active sites for catalysed reactions on the membrane surface. 
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3.3.3 Fenton oxidative cleaning of iron-oxide pre-coated membranes without using 

oxalic acid  

 

Figure 3.4 (a) Batch cleaning of pristine and iron-oxide pre-coated membranes with single H2O2 

([H2O2]0 = 30.0 mM, pH = 2.5). (b) Iron leaching and H2O2 conversion during H2O2 cleaning of iron-oxide 

pre-coated membrane. 

As observed in Figure 3.4a, the permeate flux of both the pristine and iron-oxide pre-coated 

membranes underwent an abrupt drop during the initial stage of fouling with Ca2+-alginate solutions, 

probably due to partial pore narrowing/plugging by alginate branches (Wang et al., 2013). 

Afterwards, a slower decrease of the permeate flux was observed, until the end of filtration, likely 

attributing to gradual formation of a cake layer (Zuriaga-Agustí et al., 2014). The evident flux decline 

during the fouling processes indicated that the fluxes applied in the experiments should be beyond 

the critical flux (Field et al., 1995). Subsequently, the fouled iron-oxide pre-coated and pristine 

membranes were, respectively, subjected to three and four batches (20 h for each batch) of H2O2 

cleaning (30.0 mM, pH = 2.5). The demineralized water flux of the pristine membrane was slowly 

restored during three consecutive cleaning batches until a flux recovery of 43.29%, presumably 

owing to direct oxidation by H2O2 of low oxidation power (reduction potential (E°H2O2/H2O) = 1.763 

V) (Katsounaros et al., 2012). After the third cleaning batch, the flux reached a plateau, manifesting 

that the remaining alginate residues on the membrane surface were resistant to the direct oxidation 

by H2O2. However, the flux recovery of the iron-oxide pre-coated membrane in each cleaning batch 

was much higher than that of the membrane without pre-coat, likely ascribed to the high oxidation 

power of ●OH (E°●OH, H+/H2O = 2.730±0.017 V) generated by Fe3O4-initiated Fenton reactions 

(Gligorovski et al., 2015). After the third cleaning batch, the flux appeared even slightly higher than 
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its initial level, which was likely caused by partial loss of Fe3O4 layer from the membrane surface 

because of the long cleaning process with H2O2 solutions. 

To verify the contribution of Fenton-based processes to membrane cleaning, iron leaching and H2O2 

conversion were simultaneously monitored. As depicted in Figure 3.4b, during each batch cleaning 

of the iron-oxide pre-coated membrane, Fe(II) ions (0.6−1.0 mg L−1) were detected as the dominant 

iron species leached from the Fe3O4 layer, and a decrease of H2O2 concentration (by 12−48%) was 

also observed. Typically, the dissolved Fe(II) would instantaneously react with H2O2 through 

homogenous Fenton reactions to generate ●OH radicals (Equation (3.3), k = 63 M−1 s−1) (Brillas et al., 

2009). However, due to the overdose of H2O2 relative to the dissolved Fe(II) ([H2O2]:[Fe(II)] = 

30/0.01 mM/mM), the produced free ●OH in the aqueous phase inclined to be scavenged by the 

excessive H2O2 (Equation (3.4), k = 2.7×107 M−1 s−1), instead of degrading membrane foulants (Chen 

et al., 2011). By comparing the reaction rates of Equation (3.5) and (3.6), the Fe(II), prevailing in the 

bulk solution, should originate from the HO2
●-governed reduction of Fe(III) (Equation (3.6), k = 2×103 

M−1 s−1) rather than from the Fe(III) reduction by H2O2 (Equation (3.5), k = 2.7×10−3 M−1 s−1) (Chen et 

al., 2011; Duesterberg et al., 2008). These results suggested that homogeneous Fenton reactions of 

H2O2 with Fe(II) (or Fe(III)) did not play an important role in ●OH generation for the oxidative 

cleaning.  

Fe(II)+H2O2+H+→Fe(III)+●OH+H2O  (3.3) 

H2O2+●OH→H2O+HO2
●  (3.4) 

Fe(III)+H2O2→Fe(II)+HO2
●+H+  (3.5) 

Fe(III)+HO2
●→Fe(II)+O2+H+  (3.6) 

Therefore, in the H2O2 cleaning, the foulant decay presumably proceeded through heterogeneous 

Fenton processes, catalysed by the Fe3O4 surface. Regarding this, Lin and Gurol (1998) proposed the 

reaction routes of H2O2 decomposition on iron oxide surfaces (Equations (3.7)−(3.11)):  

≡Fe(II)-OH+H2O2→≡Fe(III)-OH+●OH (3.7) 

≡Fe(III)-OH+H2O2→(H2O2)ads (3.8) 

(H2O2)
ads

→≡Fe(II)+H2O+HO2
● (3.9) 
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HO2
●↔H++O2

●- (pKa=4.8)  (3.10) 

≡Fe(III)-OH+HO2
●→≡Fe(II)+H

2
O/OH−+O2 (3.11) 

Herein, the heterogeneous Fenton reactions took place at the Fe3O4-foulant interface, where the iron-

oxide catalysts, foulants and H2O2 co-existed. The H2O2 surface reactions and ●OH formation at the 

Fe3O4-foulant interface were then favourable for the oxidative detachment of the fouling layer from 

the membrane surface (Huling et al., 2007). Prior to the surface reactions, H2O2 should be diffusively 

transported from the bulk solution to the Fe3O4-foulant interface, where it was supposed to react 

with the Fe3O4 layer. Therefore, it could be anticipated that the limited H2O2 penetration into the 

Fe3O4-foulant interface inclined to prolong the time that was needed for cleaning the iron-oxide pre-

coated membrane, attributing to the H2O2 diffusion barrier caused by the compact fouling layer (Ang 

et al., 2011). 

3.3.4 Oxalic acid-aided Fenton cleaning of iron-oxide pre-coated membranes 

 

Figure 3.5 Cleaning of (a) pristine and (b) iron-oxide pre-coated membranes with single oxalic acid and 

oxalic acid/H2O2 combination ([oxalic acid]0 = 11.1 mM, [H2O2]0 =30.0 mM, pH = 2.5). The Ca2+ exposure 

tests were conducted at [Ca2+]0 = 3.0 mM and pH = 7.0. 

As depicted in Figure 3.5a, the permeate fluxes of pristine membranes were poorly restored (by 5.81% 

or 7.96%, respectively) by sole oxalic acid (11.1 mM) or binary oxalic acid/H2O2 (11.1 mM, 30.0 mM) 

cleaning. Without a Fe3O4 catalytic layer, the slight flux recoveries were likely attributed to fouling 

layer relaxation by oxalic acid or weak oxidation by H2O2. Owing to the higher stability constant of 

Ca2+-oxalate (logβ = 3.0−3.4) than that of Ca2+-alginate (logβ = 2.2), oxalic acid should be capable of 
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extracting the Ca2+ out of the cross-linked Ca2+-alginate matrix and loosening its compact 

configuration (Kaisheva and Kaishev, 2015; Smith and Martell, 1987). Meanwhile, the water fluxes of 

the oxalic acid (or oxalic acid/H2O2) treated pristine membranes nearly decreased to their before-

cleaning levels after Ca2+ exposure (3.0 mM). This result signified that in the non-oxidative cleaning 

system, some foulants, loosened by oxalic acid, still persisted on the membrane surface or in the 

membrane pores, and tended to be re-organised into a cross-linked conformation through 

complexing with Ca2+ (Mustafa et al., 2016). As observed in Figure 3.5b, oxalic acid cleaning resulted 

in a higher flux recovery (38.73%) for the iron-oxide pre-coated membrane, presumably because the 

oxalic acid could dissolve some Fe3O4 (leached FeT: 43.31%, 4.46 mg L−1, Table 3.1), and then partially 

detached the Ca2+-alginate layer. The flux also encountered a decline (by 78.07%) after Ca2+ exposure, 

further confirming that the remaining gel layer was re-compacted upon exposure to Ca2+. Notably, 

the flux was recovered by 85.07% when combining H2O2 and oxalic acid for cleaning the iron-oxide 

pre-coated membrane and no flux decrease was observed upon Ca2+ exposure. This result suggested 

that the gel-like fouling layer was sufficiently removed from the iron-oxide pre-coat by the synergistic 

cleaning of oxalic acid relaxation and Fenton oxidation. Herein, the surface ●OH radicals were 

expected to preferentially attack the alginate molecules without evident scavenging by oxalic acid, 

due to the much lower reaction rate of ●OH/oxalic acid (k●OH/oxalic acid = 1.4×106 M−1 s−1) than that 

of ●OH/alginate (k●OH/alginate = 9.2×107 M−1 s−1) (Lester et al., 2013; Xue et al., 2009). In comparison 

with the Fenton cleaning without using oxalic acid (Section 3.3.3), the synergistic oxalic acid/H2O2 

cleaning of the iron-oxide pre-coated membrane consumed much less H2O2 (9.6%, Table 3.1) and 

shorter cleaning time (1 h), which was presumably attributable to an accelerated diffusion of H2O2 to 

the Fe3O4/foulant interface due to gel layer relaxation by oxalic acid. 

Table 3.1 Cleaning performance of precoated and pristine membranes (ND: not detected) 

Membranes Cleaning agents 

Dissolved 

Fe2+  

(mg L−1) 

Dissolved 

Fe3+  

(mg L−1) 

H2O2 

conversion 

(%) 

Flux 

recovery 

(%) 

Iron-oxide precoat Oxalic acid/H2O2 ND 0.66 9.6 85.07 

Iron-oxide precoat H2O2 ND ND 0 7.80 

Iron-oxide precoat Oxalic acid 0.25 4.21 - 38.73 

Pristine membrane Oxalic acid/H2O2 - - 0 7.96 

Pristine membrane H2O2 - - 0 6.31 

Pristine membrane Oxalic acid - - - 5.81 
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Figure 3.6 (a) Multicycle filtration/cleaning of iron-oxide pre-coated membrane by oxalic acid/H2O2 

combination ([oxalic acid]0 = 11.1 mM, [H2O2]0 = 30.0 mM, pH = 2.5). (b) Evaluation of total fouling 

indices (TFI) and chemically irreversible fouling indices (CIFI). The iron-oxide pre-coat was not 

refreshed between the cycles. 

Practicality of the synergistic oxalic acid/H2O2 cleaning was evaluated via multicycle 

filtration/cleaning with the iron-oxide pre-coated membrane (Figure 3.6a). Each cycle included 

filtration of Ca2+-alginate solution (0.8 g L−1) for 1 h, followed by oxalic acid/H2O2 (11.1 mM/30.0 mM) 

cleaning for 15 min. The iron-oxide pre-coat was not refreshed between the cycles. Within the first 

three cycles of oxalic acid/H2O2 cleaning, over 90% of the initial flux was maintained, and then the 

initial flux decreased to ~83%. After the third cleaning, the initial normalized flux of the membrane 

reached a plateau level of 83−85%. These results implied that most of the gel-like foulants could be 

reversed from the iron-oxide pre-coated membrane by the synergistic oxalic acid/H2O2 cleaning, 

while some irreversible fouling might occur at the early stage (i.e. the first three cycles) of the 

multicycle filtration/cleaning (Athanasekou et al., 2009). The slightly higher initial normalized flux 

(84.9%) after the third cleaning, than that after the second cleaning (83.3%), was possibly resulted 

from a partial falling-off of the Fe3O4 layer from the membrane, which might release some blocked 

pores for water permeation. Kramer et al. (2020) reported that hydraulic backwash could recover 

the permeance of gel-fouled ceramic NF membranes maximally by 43% but damaged the membrane 

integrity, and forward flush slightly restored the permeance (˂10%). This indicated that the 

synergistic cleaning method of this chapter might be a promising substitute for conventional 

hydraulic backwash and forward flush for cleaning ceramic NF membranes. As depicted in Figure 

S3.1, approximately 26.5% of the Fe3O4 nanoparticles were leached after five cleaning cycles, 

probably due to the hydraulic scouring and chemical leaching during the oxalic acid/H2O2 circulation. 
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As suggested by Pan et al. (2015), the remaining iron-oxide layer (~2.1 µm in thickness, Figure 3.7a) 

after five filtration/cleaning cycles was likely ascribed to the drag forces caused by radial flow, 

frictional forces and molecular forces between the particles. Furthermore, the iron layer still 

presented a homogeneous and dense coating on the membrane surface (Figure 3.7b), which could 

provide sufficient active sites for Fenton-based reactions. Additionally, as shown in Figure 3.7c, the 

XRD patterns of the iron-oxide pre-coated membrane corresponded to the cubic spinel structure of 

Fe3O4, signifying an abundance of active Fe3O4 species on the membrane surface (Kim et al., 2012). 

After multicycle filtration/cleaning, the characteristic peaks of the Fe3O4 nanoparticles were almost 

unchanged except for a presence of reflection peaks of γ-Fe2O3 (maghemite), indicating a partial 

conversion of the Fe3O4 to the γ-Fe2O3 phase after oxidation reactions (Kim et al., 2012). The XRD 

profiles showed an evident α-Al2O3 crystalline phase of the Al2O3 supporting layer, but no apparent 

characteristic peaks of TiO2 and ZrO2 were observed, which indicated an amorphous structure of the 

TiO2 active layer and ZrO2 inter-layer (Anisah et al., 2018). 

 

Figure 3.7 (a) Cross-section SEM image with inset EDS profile and (b) top-view SEM image of pre-

coated membrane after five cycles of fouling and oxalic acid/H2O2 cleaning. (c) XRD patterns of pre-

coated membrane before and after five cycles of fouling and oxalic acid/H2O2 cleaning. 

To predict the long-term performance of using oxalic acid-assisted Fenton oxidation for cleaning 

iron-oxide pre-coated membrane, the fouling reversibility, developed in the multicycle 

filtration/cleaning, was quantitatively studied through a statistical analysis of the unified membrane 

fouling index (UMFI) values. As observed in Figure 3.6b, the regression-line slopes of the cyclic 

fouling curves from Equation (3.2) (Huang et al., 2009) corresponded to total fouling index (TFI) 

values of five filtration cycles, varying in a range of 3.51×10−2 to 4.24×10−2 m2 L−1 (averaging 
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3.94×10−2 m2 L−1, R2 ≥ 0.98). These values were much higher than the TFI value (1.13×10−3 m2 L−1) in 

ceramic UF membrane fouling by Ca2+-alginate as reported by Alresheedi et al. (2019), suggesting a 

faster fouling tendency of the ceramic NF membrane by gel-like foulants compared to the ceramic UF 

membrane. The chemically irreversible fouling index (CIFIall-data) value was 2.3×10−3 m2 L−1, as 

represented by the slope of the regression-line connecting the starting points of the five fouling 

curves (R2 = 0.75), which was comparable to the CIFItwo-point (2.4×10−3 m2 L−1) determined by the two-

point approach (Huang et al., 2009). The chemically irreversible fouling ratio (CIFI/TFI = 5.8%) in 

the oxalic acid/H2O2 cleaning (15 min) was much lower than those (20% and 38%, respectively) in 

NaOH (10 mM) and NaClO (14 mM) cleaning with even longer duration (4 h), indicating a higher 

efficiency and reversibility of using oxalic acid-aided Fenton oxidation for cleaning gel-like fouling, 

compared to the conventional NaOH and NaClO cleaning (Alresheedi et al., 2019). 

3.3.5 Iron leaching of iron-oxide pre-coated membranes 

 

Figure 3.8 (a) Iron leaching of bare and fouled iron-oxide pre-coat by oxalic acid and oxalic acid/H2O2 

cleaning ([oxalic acid]0 = 11.1 mM, [H2O2]0 = 30.0 mM, pH = 2.5). (b) Oxalic acid sorption by Fe3O4 

powders with and without (W/O) addition of H2O2 ([Fe3O4]0 = 1.0 g L−1, [H2O2]0 = 30.0 mM, pH = 2.5). 

The combined use of iron-oxide pre-coat and oxalic acid favoured iron leaching, as observed in Figure 

3.8. This could be potentially attributed to three underlying mechanisms, such as protonation, non-

reductive complexation and reductive dissolution (Cwiertny et al., 2009). Herein, the protonation 

and reductive dissolution were excluded to be the possible causes for the iron dissolution, due to the 

negligible pH variation (pH = 2.5−2.6, Figure S3.2) during Fe3O4/oxalic acid (or Fe3O4/oxalic acid-

H2O2) interactions and minimal Fe(II) generation after the oxalic acid or oxalic acid/H2O2 treatment 

(Fe(II) ≤ 0.25 mg L−1, Table 3.1). Non-reductive complexation of Fe3O4/oxalic acid was thus supposed 
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to act as the dominant pathway for the iron leaching from the iron-oxide pre-coat surface (Xu et al., 

2019). The comparison of the iron leaching from the iron-oxide pre-coat by oxalic acid (11.0 mM) 

and oxalic acid/H2O2 (11.0/30.0 mM) in the presence and absence of Ca2+-alginate fouling layer is 

illustrated in Fig. 8a. The iron leaching of the bare iron-oxide pre-coat by oxalic acid could be 

described as a linear function of time (FeT = 0.8664 · t, R2 = 0.99). This result suggested that the Fe 

leaching of the iron-oxide pre-coat by oxalic acid was possibly governed by slow ionization of the 

oxalic acid (pKa1 = 1.25, pKa2 = 4.27), which constantly supplied dissociated oxalic acid for iron 

dissolution (Darken, 1941). Additionally, the maximal Fe leaching (13.4%) of the iron-oxide pre-coat 

by oxalic acid/H2O2 combination appeared much lower than that caused by oxalic acid (50.8%) 

within an identical time scale (60 min), which indicated a potential inhibition of iron dissolution by 

H2O2 addition into oxalic acid solutions (Rodríguez et al., 2011). 

As suggested by Xue et al. (2009), the dissolution of Fe3O4 via complexation is a surface-controlled 

reaction occurring in two steps, adsorption of ligand on oxide surfaces through ligand exchange and 

iron dissolution by weakening Fe-O bonds of Fe3O4. To elucidate the inhibiting effect of H2O2 on the 

oxalic acid-induced iron leaching of the iron-oxide pre-coat, the surface adsorption of oxalic acid on 

Fe3O4 colloids was investigated with batch adsorption tests in the presence and absence of H2O2. As 

depicted in Figure 3.8b, the adsorption of oxalic acid ([oxalic acid]0 = 0.55 mM) by the Fe3O4 colloids 

was markedly decreased by 34.9% by H2O2 addition into the Fe3O4/oxalic acid matrix, even a greater 

inhibition (by 39.1%) by H2O2 on the oxalic acid adsorption could be observed for the oxalic acid of 

higher initial concentration (11.1 mM). Moreover, since the free oxalic acid remaining in the solution 

was increased after the H2O2 addition (Figure S3.3), most of the oxalic acid was thus supposed not to 

be degraded by Fenton-based oxidation but remained in the aqueous phase or on the Fe3O4 surface 

(Rodríguez et al., 2009). Therefore, the decreased iron-leaching of the iron-oxide pre-coat in the 

oxalic acid/H2O2 matrix was presumably not attributable to potential degradation of oxalic acid in 

the presence of H2O2, but to an underlying adsorptive competition between H2O2 and oxalic acid on 

the Fe3O4 surface, which was also found by Rodríguez et al. (2011).  

Compared with the bare iron-oxide pre-coat, the Ca2+-alginate fouled (for 1 h) membane underwent 

firstly a minimal Fe dissolution (FeT leaching: 2.47%) by oxalic acid at the early stage (20 min), but 

developed an exponential increase at the later stage (FeT leaching: 43.31%) (Figure 3.8a). The 

nonlinear two-stage profile of leached FeT vs. time suggested that the iron leaching rate of the fouled 

iron-oxide pre-coat was not entirely surface-reaction limited, but also relied on transport-controlled 

steps, such as oxalic acid diffusion through the gel layer (Huling et al., 2007). As such, it could be 
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inferred that the Ca2+-alginate gel layer as a steric barrier supressed the iron leaching at an early 

stage, but inclined to be loosened by oxalic acid following continuous oxalic acid/Ca2+-alginate 

complexation, which in turn promoted the diffusion of oxalic acid onto the Fe3O4 surface (Liu et al., 

2018). Hence, during the 15-min oxalic acid/H2O2 cleaning in the multicycle filtration/cleaning 

(Section 3.3.4), the compact gel-like cake layer, formed on the iron-oxide pre-coat, made that the 

hydraulic scouring could not directly act on the iron-oxide pre-coat surface, which protected the iron 

layer from being flushed away by cross flow to some extent. Likewise, the introduction of H2O2 

restricted the Fe leaching by oxalic acid (by 84.8%), likely due to a promoted diffusion and 

competitive adsorption of H2O2 onto the iron-oxide pre-coat surface. This result well accounted for 

the desirable stability and reproducibility of the iron-oxide pre-coat during multicycle runs of oxalic 

acid-aided Fenton cleaning, as discussed in Section 3.3.4. A two-stage leaching of iron, but to a less 

extent (FeT leaching: 10.1% by oxalic acid, 3.9% by oxalic acid/H2O2), could also be observed with a 

more severely fouled (for 3 h) iron-oxide pre-coat. The findings of the oxalic acid/H2O2 cleaning 

(Section 3.3.4, Figure 3.5) and the iron leaching experiments (Figure 3.8) demonstrated an 

underlying synergistic effect between oxalic acid and H2O2, regarding the gel layer 

relaxation/oxidation and Fe-leaching suppression, for effective de-fouling of iron-oxide pre-coated 

ceramic NF membranes, which can be illustrated by Scheme 3.1. 

 

Scheme 3.1 Synergistic effect of oxalic acid relaxation and Fenton oxidation of pre-coated membranes. 
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3.3.6 Implications for the direct treatment of surface water 

Filtration of canal water for 5 d was performed using a Fe3O4 pre-coated ceramic NF membrane, with 

15-min oxalic acid/H2O2 cleaning every 24 h. The relative production downtime during membrane 

cleaning was 0.62 min h−1, much lower than the value (2.6 min h−1) of NaClO cleaning for ceramic NF 

membranes reported by Kramer et al. (2015). The iron-oxide pre-coat (pre-coated for 30 min) was 

reused over the five cycles (5 d) of canal water filtration, which would presumably exert an 

insignificant impact on the continuous operations of the pre-coated membranes in practice. As 

depicted in Figure S3.4a, a fast drop of permeance (~38.7%) was also observed in the NF processes 

of the canal water, when switching the pure water filtration to the canal water filtration, which was 

similar to the phenomenon found in the NF with alginate (Figure 3.4a). The membrane permeance 

with canal water decreased by 48.7% in the first cycle, indicating the high fouling potential of the 

canal water towards the membrane. The initial canal-water permeance for the following cycles were 

recovered to ~90% after oxalic acid/H2O2 cleaning, implying high cleaning efficiencies during the 

long-term filtration with canal water. During the five cycles, the oxalic acid/H2O2 solution was reused, 

which reduced the consumption of chemicals and production of oxalic acid wastewater. As 

mentioned by earlier studies, oxalic acid could be well degraded in aerobic conditions with microbial 

treatment technologies (i.e. activated sludge), a normal aerobic wastewater treatment plant could 

thus deal with the produced oxalic acid wastewater (Nakamura et al., 2004). Furthermore, Table S3.2 

presents that the iron-oxide pre-coated membrane rejected ~90% of DOC and UV254, suggesting its 

high rejection of organic matter probably owing to steric exclusion by the ceramic NF membrane. By 

contrast, the rejection rates of anions and cations appeared to be much lower, which were 43−78% 

and 27−42%, respectively. Notably, after the five cycles (5 d) of filtration/cleaning, there still was a 

certain amount of iron-oxide pre-coat (~0.9 µm in thickness, Figure S3.4b) remaining on the 

membrane surface, indicating a potential applicability of using iron-oxide pre-coated NF membranes 

for long-term water treatment. 

3.3.7 Research needs and challenges 

The cleaning strategy, proposed in this chapter, provides a pathway of using pressure-driven pre-

filtration of Fe3O4 nanoparticles to obtain a catalytic ceramic NF system for fouling control in water 

treatment. However, the long-term usage of Fe3O4-pre-coated ceramic NF membrane in industries 

may be limited by the stability and reactivity of catalyst pre-coat. Further studies on using stable and 

active catalysts for improving the pre-coated catalytic ceramic membrane are thus needed. 

Additionally, as can be speculated from this chapter, the synergistic relaxation-oxidation method, 
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currently tested as a proof of principle, may apply to other types of Ca2+-mediated fouling (i.e. humic 

acids) due to their similar mechanisms in the formation of a gel layer on membrane surfaces via Ca2+ 

bridging (Li and Elimelech, 2004). We thus believe that understanding the roles of oxalic acid and 

Fenton-based oxidation in the typical Ca2+-mediated alginate fouling, may provide insights into 

handling other Ca2+-derived fouling with an integration of chelation/oxidation. However, the 

integrative method should be further piloted in practice and explored for more complex real water 

matrices, also to understand how other compounds could interfere. 

3.4 Conclusions 

In this chapter, a synergistic method of coupling oxalic acid chelation and Fe3O4-activated Fenton 

oxidation process was proposed for cleaning persistent gel-like fouling of ceramic NF membrane. The 

conclusions can be drawn as follows: 

(1) Cross-flow pre-filtration of Fe3O4 nanoparticles was able to pre-coat a uniform reproducible 

iron-oxide layer on top of the ceramic NF membrane. The pre-coat thickness was controlled by 

the trans-membrane pressure (2.0−10.0 bar), only causing a minimal decrease of membrane 

permeance (<10%). 

(2) Synergistic effect between oxalic acid relaxation and Fenton-based oxidation processes played 

a key role in the removal of gel layer, which was presumably attributed to enhanced diffusive 

transport of H2O2 at the iron-oxide pre-coat/foulant interface. 

(3) Oxalic acid-aided Fenton cleaning for 15 min achieved stable initial normalized fluxes 

(83.33−90.15%) of the iron-oxide pre-coated membrane during five filtration/cleaning cycles, 

with no need of refreshing the iron-oxide pre-coat between the cycles. The leaching of iron 

from the iron-oxide pre-coat was suppressed in the oxalic acid/H2O2 matrix, which was likely 

due to a reactive shielding by competitive reactions of H2O2 on the Fe3O4 surface. 

Supplementary data 

Text S3.1 Calculation of Fe3O4 coating efficiency of ceramic nanofiltration membrane 

The actual coating mass (Ma, g m-2) of Fe3O4 nanoparticles on the membrane surface can be calculated 

by introducing a coating efficiency index (α) related to the nominal coating mass (Mn, g m-2), 

according to Equation (S3.1). 
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𝑀𝑎 = 𝛼 ∙ 𝑀𝑛 =
𝛼 ∙ 𝐶𝐹𝑒 ∙ 𝑉

𝐴𝑚
= 𝛼 ∙ 𝐶𝐹𝑒 ∙ ∫ 𝐽

𝑡

0

𝑑𝑡 (S3.1) 

where α is the ratio of the Fe3O4 mass deposited on the membrane surface to those transported to 

the membrane, CFe (g L-1) is the bulk concentration of Fe3O4 nanoparticles in the filtration module, V 

(L) is the permeate volume, J (L m-2 h-1) is the permeate flux during the Fe3O4 filtration, Am (m2) is the 

effective filtration area of the membranes, t (h) is the filtration time. As such, the Fe3O4 mass flushed 

by the shear force of the cross-flow (Ml, g m-2) can be calculated as indicated by Equation (S3.2). 

𝑀𝑙 = 𝑀𝑛 −𝑀𝑎 (S3.2) 

Text S3.2 Preparation procedure of Ca2+-alginate fouling solution 

In total 30.0 L of synthetic sewage water was used for each filtration experiment. The sodium alginate 

(0.8 g L-1) solution was first dissolved and stirred in a water tank of 30 L demineralized water. NaCl 

(5.0 mM) was added to provide ion strength of the fouling solution. Gel-like fouling solution was 

triggered by mixing CaCl2·2H2O (3.0 mM) into the alginate solution with continuous stirring. NaHCO3 

was added to the synthetic fouling solution to provide buffering properties. NaOH (1.0 M) and HCl 

(1.0 M) were used to adjust the pH to 7.0. 

Text S3.3 Calculation of average size of Fe3O4 particles dried from Fe3O4 hydrosols 

Assuming nonporous spherical particles and a theoretical density (5.17 g cm-3) of the Fe3O4 solid 

particles dried from Fe3O4 hydrosols, an average particle diameter of Fe3O4 particles could be 

calculated based on its BET specific surface area (91.20 m2 g-1, Table S1) with Equation (S3.3) 

(Kirillov, 2009): 

𝐷 =
6 × 10−6

𝐴𝑆 ∙ 𝑑
 (S3.3) 

where As (m2 g-1) is the specific surface area, D (m) represents the diameter of nanoparticles, and d 

(g m-3) is designated to the density of nanoparticles. 

Text S3.4 Calculation of porosities of iron-oxide pre-coating layers 

As the loading mass and thickness of iron-oxide pre-coating layers have been measured in this 

chapter, the porosities of the iron-oxide layers with different iron loadings can thus be estimated 

based on Equation (S3.4), as previously reported by Altmann and Ripperger (1997):  
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𝐻 =
𝑀

𝜌𝑠 ∙ (1 − 𝜀)
 (S3.4) 

where H (m) is the thickness of the pre-coating layers, M (g m-2) is the loading mass of iron oxides, ρs 

is the density of Fe3O4 nanoparticles (5.17 g cm-3). ɛ is the porosity of the iron-oxide layers. 

Table S3.1 Parameters of ceramic nanofiltration membranes 

Parameters Value 

Outer diameter (mm) 10 

Channel diameter (mm) 7 

Membrane area (m2) 0.00163 

Mean pore size (nm) 0.9 

Table S3.2 Water quality parameters and rejection of compounds of canal water by Fe3O4 pre-

coated ceramic NF membrane 

Parameters Raw canal water Rejection (%) 

DOC (mg L-1) 11.95 89.89 

UV254 (cm-1) 0.37 90.88 

Conductivity (mS cm-1) 2.43 38.02 

Ca2+ (mg L-1) 77.64 41.77 

Mg2+ (mg L-1) 17.71 34.34 

Na+ (mg L-1) 76.16 28.75 

K+ (mg L-1) 12.28 27.89 

PO43- (mg L-1) 6.66 77.91 

SO4
2- (mg L-1) 48.14 43.73 

Cl- (mg L-1) 121.10 50.32 

Br- (mg L-1) 1.84 47.39 

NO3
- (mg L-1) 2.50 48.32 

Table S3.3 Parameters of Fe3O4 nanoparticles 

Iron oxides BET surface area (m2 g-1) Particle diameter (nm) 

Fe3O4  91.20 12.72 
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Figure S3.1 Cumulative iron leaching of pre-coat layer during multicycle oxalic acid/H2O2 cleaning. 

 

Figure S3.2 pH evolution during iron leaching tests of Fe3O4 in oxalic acid and oxalic acid/H2O2 solution. 

 

Figure S3.3 Oxalic acid (OA) evolution in Fe3O4/oxalic acid or Fe3O4/oxalic acid-H2O2 systems.  
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Figure S3.4 (a) Permeance evolution over time of Fe3O4 pre-coated ceramic NF membrane during the 

filtration of canal water at constant pressure of 3.0 bar, with oxalic acid/H2O2 cleaning every 24 h. The 

iron-oxide pre-coat was not refreshed between the cycles. (b) Cross-section SEM image with inset EDS 

profile of iron-oxide pre-coated membrane after five cycles (5 d) of canal water filtration and oxalic 

acid/H2O2 cleaning. 
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Abstract 

Catalytic ceramic nanofiltration (NF) is a promising technology for advanced water treatment, given 

its high separation selectivity and reactive surfaces for oxidative removal of fouling. However, a clear 

understanding of the relation between fouling types and oxidative cleaning efficacy is important for 

establishing stable filtration/cleaning operations. In this chapter, Fenton cleaning, using a hydrogen 

peroxide solution and an iron oxychloride catalyst pre-coat layer on top of ceramic NF membranes, 

was studied with respect to biopolymer fouling, simulated by sodium alginate in the presence of 

calcium. Adsorption (in the absence of a permeate flow) and constant-pressure filtration (with a 

permeate flow) experiments were performed to distinguish between decreases in permeance as a 

result of either adsorptive or cake fouling. Results showed that the flux evolution could be divided 

into an initial sharp flux decline, due to adsorption of the foulants, and a subsequent gradual flux 

decrease, resulting from cake build-up on the membrane. The two-stage flux decrease was enhanced 

during the constant-pressure filtration experiments, because they start at a high flux with a high 

fouling rate, while the flux gradually decreases as fouling proceeds. During multiple adsorption/cake 

filtration/Fenton cleaning cycles, the cake fouling was sufficiently removed by Fenton cleaning in 

contrast to the adsorptive fouling. However, the total permeate production during ceramic NF was 

not influenced by the remaining adsorptive fouling (after cleaning), since the adsorptive fouling 

always only occurs at the beginning of each cycle. The findings provided new insights into the criteria 

for evaluating and optimizing the efficacy of oxidative (Fenton) cleaning during ceramic NF in water 

treatment. 

4.1 Introduction 

Ceramic nanofiltration (NF) has emerged as a promising technology for advanced water treatment, 

owing to its high selectivity over a broad variety of contaminants (e.g. multivalent ions, pathogens 

and organic molecules/colloids) and durability against harsh operating environments (Caltran et al., 

2020). However, membrane fouling is a critical obstacle for up-scaling and implementation of 

ceramic NF membranes in industry, e.g. for wastewater reclamation and direct treatment of surface 

water (Fujioka et al., 2018; Kramer et al., 2015). In particular, fouling, developed by accumulation of 

organic biopolymers (e.g. polysaccharides), with formation of a compact cake layer on the membrane, 

hampers physical and chemical cleaning regimes. A forward flush is not effective enough to remove 

the sticky cake layer (Mustafa et al., 2016; Zhao et al., 2018), while a hydraulic backwash at high 

backwash pressures and long-term uses of sodium hypochlorite damage the end sealing of tubular 
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ceramic NF membranes, resulting in an increase in the membrane defects (Kramer et al., 2020; 

Kramer et al., 2019). 

Catalytic ceramic membranes, functionalizing the membrane surface with oxidative reactivity, 

provide a potential oxidation route for fouling removal. Over the past decade, several advanced 

oxidation processes, including Fenton reactions (De Angelis and de Cortalezzi, 2016; Sun et al., 

2018c), catalytic ozonation (Park et al., 2012; Zhu et al., 2013), peroxymonosulfate activation (Bao et 

al., 2019; Wang et al., 2020b), have tentatively been incorporated in catalyst-tailored ceramic 

membranes to produce reactive oxygen species (e.g. ●OH, O2
●− and SO4

●− radicals) on the membrane 

surface and/or within the inner pores, potentially removing fouling. De Angelis and de Cortalezzi 

(2016) observed that the flux recovery of iron-oxide coated ceramic membranes (fouled with humic 

acids) by Fenton cleaning, was much higher (97%) than those by forward flush (41%) or 

acidic/caustic cleaning (39−42%). Zhang et al. (2020) demonstrated that the flux of MnO2-Co3O4 

coated ceramic membranes was recovered by 97% with peroxymonosulfate-based oxidative 

cleaning, while it was only restored by 70−75% using backwash or acidic/caustic cleaning. However, 

present knowledge about catalytic ceramic membranes, regarding their fouling characteristics and 

oxidative cleaning effectiveness, is mainly limited to ceramic microfiltration and ultrafiltration 

processes, and not to ceramic nanofiltration.  

Fouling of ceramic NF by soluble and colloidal biopolymers (e.g. polysaccharide) has been considered 

a multifaceted process, involving adsorption, pore constriction/blockage and cake development 

(Mustafa et al., 2014; Zhao et al., 2018). Fujioka et al. (2018) reported that the increase in 

transmembrane pressure (TMP) during ceramic NF of a wastewater was reduced by about 60% via 

ozonated water flush, but it remained unclear how the ozonation cleaning corresponded to, or was 

influenced by, different fouling pathways. As an indication of multiple fouling pathways, a two-stage 

flux decrease pattern, comprising a rapid decline in permeation flux at the early stage of filtration 

and a gradual flux decline afterwards, has previously been recognized for ceramic NF membranes, 

during constant pressure experiments, presumably resulting from strong foulant-membrane 

interactions (e.g. polar and electrostatic interactions) or a high starting flux (Mustafa et al., 2016; 

Zhao et al., 2018). Besides, a recent study presented a steep flux decline (30−40%), occurring upon 

switching the feed from pure water to an alginate solution during ceramic NF (Lin et al., 2021). 

Nonetheless, the exact reason for the rapid flux decline and how it affects cleaning performance is 

still unanswered. Kramer et al. (2020) observed a flux recovery of 75% by Fenton cleaning over an 
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iron-oxide coated ceramic NF membrane fouled by alginate, however, the sharp flux decline relative 

to the initial clean water flux was not taken into account.  

Therefore, the objective of this chapter was to study the fouling characteristics of a catalytic ceramic 

NF membrane and the relation between various types of fouling and the efficacy of Fenton cleaning. 

Iron oxychloride (FeOCl), a reactive heterogeneous Fenton catalyst, was pre-coated on top of a 

commercial ceramic (TiO2) NF membrane, for catalysing the in-situ decomposition of hydrogen 

peroxide (H2O2) into hydroxyl radicals (●OH) on the membrane surface (Sun et al., 2018a; Sun et al., 

2018b; Yang et al., 2013). Sodium alginate, in the presence of calcium ions, was employed as a typical 

surrogate for polysaccharide foulants, identified as the major fouling substance of membranes in 

domestic wastewater (Guo et al., 2020; Meng et al., 2022; Wang et al., 2021). Flux restoration 

percentages, determined in terms of both pure water flux and foulant solution flux, were used as an 

indication for oxidative cleaning efficacy and evaluated in relation to the various fouling types of the 

FeOCl pre-coated membrane in a constant-pressure filtration mode. 

4.2 Materials and methods 

4.2.1 Reagents and materials 

Ferric chloride hexahydrate (FeCl3∙6H2O, ≥99.0%) and sodium alginate (≥99.0%) were purchased 

from Sigma-Aldrich. Calcium chloride dihydrate (CaCl2∙2H2O, ≥99.0%) and H2O2 (30%) were 

purchased from Merck KGaA (Germany). All chemicals were used as received. Ceramic NF 

membranes (Inopor GmbH, Germany) with a mean pore size of 0.9 nm (Inopor data) were used in 

this chapter. The membranes have a tubular single-channel configuration (outer diameter: 10 mm, 

inner diameter: 7 mm, length: 100 mm) with active layers made of TiO2. Both ends of the tubular 

membranes were sealed with silica glass. The membranes were operated in an inside-out filtration 

mode. 

4.2.2 Preparation of FeOCl catalyst and FeOCl pre-coated membrane 

The FeOCl catalyst was synthesized through a thermal annealing method (Sun et al., 2018a). 

FeCl3∙6H2O powder (10.0 g), as the precursor, was heated in a sealed crucible at a heating rate of 

20 °C min−1 to 220 °C and remained for 1 h in a muffle furnace. The reaction equation is presented in 

Equation (4.1).  

FeCl3 ∙ H2O → FeOCl + 2HCl + 5H2O (4.1) 
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The FeOCl suspension was prepared by dispersing 4.0 g of the as-prepared FeOCl catalysts in 1.0 L of 

demineralised water with 10-min sonication. A cross-flow pre-filtration, with the FeOCl suspension, 

spiked into the main feed stream (demineralized water), was then conducted to pre-coat a catalyst 

layer on the membrane surface (Figure S4.1, Supplementary Data). Herein, a laminar crossflow of 0.2 

m s−1 (Reynolds number (Re) = 1510) and a high TMP (20.0 bar) were adopted to boost the formation 

and compaction of a uniform catalyst layer on the membrane surface.  

4.2.3 Single- and multi-cycle fouling/cleaning experiments 

Filtration experiments of pristine and FeOCl pre-coated membranes were performed in a constant-

pressure mode with a bench-scale cross-flow filtration apparatus (OSMO Inspector 2, Convergence 

Industry, the Netherlands). A high organic loading (0.8 g L−1) of sodium alginate was adopted to 

develop accelerated fouling during a period of only 2 h, which simulates a five-day fouling period, 

obtained during pilot tests with ceramic NF of sewage (Kramer et al., 2015). NaCl (5.0 mM) and CaCl2 

(3.0 mM) were added as background salts to stimulate the formation of colloidal foulants, while 

NaHCO3 (1.0 mM) was added as a buffer to maintain the solution at pH = 7.0. The filtration/cleaning 

protocol of the membranes comprised four sequential phases (Figure 4.1a): (i) initial pure water flux 

(Jw1), (ii) flux decline (from Jf1 to Jf2) during filtration with alginate solutions, (iii) membrane cleaning, 

and (iv) pure water flux (Jw2). The filtration and cleaning experiments were performed in duplicate. 

The concentrate was recirculated into the feed flow, while the permeate was consecutively collected 

for measuring the permeate flux over time, using a scale and a data acquisition system. The 

temperature-corrected permeance was calculated according to Text S4.1 (Supplementary Data). 

Fouling characteristics and cleaning efficacy of the membranes were evaluated by calculating the 

initial fouling ratio (Ri), cake fouling ratio (Rc) and flux recovery ratio (Fr) with Equations (4.2)–(4.4), 

respectively. 

𝑅𝑖 =
𝐽𝑤1 − 𝐽𝑓1

𝐽𝑤1
× 100% (4.2) 

𝑅𝑐 =
𝐽𝑓1 − 𝐽𝑓2

𝐽𝑤1
× 100% (4.3) 

𝐹𝑟 =
𝐽𝑤2 − 𝐽𝑓2

𝐽𝑤1 − 𝐽𝑓2
× 100% (4.4) 

Single cycle fouling  
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In order to explore the impact of different fouling characteristics of the membranes on the efficacy of 

Fenton cleaning, varying hydrodynamic conditions, i.e. TMP = 2.0, 3.0 and 4.0 bar and cross-flow 

velocity (CFV) = 0.3 and 0.9 m s−1 were used in the single-cycle fouling experiments (1 h). Membrane 

cleaning experiments were executed by H2O2 circulation (30.0 or 60.0 mM, pH = 3.3) at a laminar 

crossflow (CFV = 0.2 m s−1, Re = 1116) for 1 h (Figure S4.1, Supplementary Data) to reduce hydraulic 

scouring over the pre-coat layer on the membrane. To compare with the efficacy of Fenton cleaning 

of the pre-coated membrane, a forward flush was conducted on the pristine membrane by circulating 

demineralized water inside the membrane channel at CFV = 2.2 m s−1 (Re = 15097) for 20 min without 

applying a TMP. To study the membrane fouling characteristics in the presence and absence of a 

FeOCl pre-coat, the same pristine membrane was used, first for the fouling test without pre-coating 

and then for the pre-coating/fouling test. Chemical cleaning by a sodium hypochlorite solution (0.2%) 

was performed between the two tests until reaching the initial permeance of the pristine membrane. 

To identify the cake fouling, variation of the filtered volume was described by the classical cake 

filtration law as presented in Equation (4.5) (Ognier et al., 2002; Yao et al., 2018): 

𝑡

𝑉
=
𝐾𝑐
2
𝑉 +

1

𝐽0
 (4.5) 

where Kc (s m−2) is the cake filtration constant, V (m3) the filtered volume, J0 the initial flux during 

filtration with the alginate solution, t the filtration time. 

Multiple cycle fouling 

The efficacy of Fenton cleaning of the FeOCl pre-coated membrane was further assessed over 

multiple cycles, using relatively thick and thin cake layer fouling, respectively, without renewing the 

pre-coat layer between the cycles to elucidate fouling/cleaning behaviour of the pre-coated 

membrane in repeated uses. The multicycle fouling experiments were done with a turbulent flow (Re 

= 6039) inside the membrane channel at CFV = 0.9 m s−1. The thick cake fouling was obtained during 

filtration with the alginate solution for 1 h at an initial pure water flux of 47.1 L m−2 h−1. The thick 

cake fouling was cleaned by means of H2O2 flush ([H2O2]0 = 60.0 mM, pH = 3.3), followed by forward 

flush with demineralized water, over three repeated cycles. The thin cake fouling was obtained 

during filtration with the alginate solution for 30 min (shorter than that for the thick cake fouling) at 

an initial pure water flux of 39.5 L m−2 h−1, and cleaned by H2O2 flush ([H2O2]0 = 30.0 mM, pH = 3.3), 

over five cycles. In order to study the relation between various fouling types (i.e. adsorptive fouling 

and cake growth) and Fenton cleaning, an adsorption step (5 min, as described in Section 4.2.4) was 

incorporated in the thick cake fouling test, prior to each cycle of filtration, using the same alginate 
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solution. To further verify the effect of adsorptive fouling on Fenton cleaning, adsorption/cleaning 

was executed throughout five cycles, involving pure water filtration, adsorption with the alginate 

solution (30 min, the same as that for the thin cake fouling experiment) and Fenton cleaning ([H2O2]0 

= 30.0 mM, pH = 3.3) at each cycle, also without refreshing the pre-coat layer.  

 

Figure 4.1 Conceptual illustration of flux evolution during (a) fouling and (b) adsorption experiments. 

4.2.4 Adsorption experiments of ceramic NF membranes 

Adsorption of alginate foulants onto pristine and FeOCl pre-coated membranes was conducted in the 

same filtration apparatus and under the same crossflow conditions as were the fouling/cleaning 

experiments, only without a permeate flow (TMP = 0 bar) through the membranes. The adsorption 

experiments were to identify adsorptive fouling of the membranes and to distinguish its role in 

permeance decrease from that of cake fouling. As conceptually illustrated in Figure 4.1b, the 

membranes were first subjected to filtration (TMP = 2.0 or 3.0 bar, CFV = 0.9 m s−1) with 

demineralized water to determine initial pure water fluxes (denoted as Jw1). The initial pure water 

fluxes were used as a baseline to normalize the flux evolution before and after the adsorption steps. 

Prior to the start of adsorption, the demineralized water in the filtration setup was discharged and 

fully replaced with the alginate solution. Subsequently, the alginate solution was circulated within 

the membrane channels at CFV = 0.9 m s−1 for 1, 5 or 30 min, without allowing any permeate flow in 

the filtration system. Finally, demineralized water was filtered through the fouled membranes to 

measure pure water fluxes (denoted as Jw3) after adsorption. The adsorptive fouling ratios (Ra) were 

calculated, using Equation (4.6), to assess the effect of foulant adsorption on initial flux declines. 
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𝑅𝑎 =
𝐽𝑤1 − 𝐽𝑤3
𝐽𝑤1

× 100% (4.6) 

4.2.5 Characterization and analysis 

Polyethylene glycols (PEGs) (Sigma-Aldrich, Germany) of five molecular weights (200, 300, 400, 600 

and 1000 Da) were used as tracer compounds to determine the real molecular weight cut-off (MWCO) 

of the membrane, defined as the molecular weight of a tracer molecule that is retained with an 

efficiency of 90% by the membrane, as earlier reported by Shang et al. (2017). The PEG samples, 

collected in the feed and permeate solutions, were analysed by high-performance size exclusion 

chromatography (Prominence, Shimadzu, Japan), equipped with a refractive index detector (RID-20A, 

Shimadzu, Japan) and a gel permeation column (5 mm 30 Å, PSS GmbH, Germany). The particle size 

distribution of Ca-alginate colloids was measured with a blue laser diffraction particle size analyser 

(S3500, Microtrac Retsch GmbH, Germany). The top-view and cross-sectional images of the pristine 

and FeOCl pre-coated membranes were taken, using a scanning electron microscope (SEM) (S-3400N, 

Hitachi High-Technologies, Japan) installed with energy dispersive spectroscopy. 

4.3 Results and discussion 

4.3.1 Characterization of membranes and foulants  

A smooth and dense top surface was observed for the pristine membrane, without showing any 

visible defects on the membrane surface (Figure 4.2a). The curve of PEG rejection as a function of 

PEG molecular weight (Figure 4.2b) corresponds to a pore size of MWCO = 688 Da of the pristine 

membrane. Other studies have also reported larger measured MWCO values than the nominal MWCO 

(450 Da, Inopor data) of similar membranes (Caltran et al., 2020; Mustafa et al., 2016). Figure 4.2c 

displays the top surface of the FeOCl pre-coated membrane, which appeared to be much rougher than 

that of the pristine membrane. The FeOCl particles were present as long-strip sheets with, 

approximately, 4−6 µm in length, 1 µm in width and 0.2−0.3 µm in thickness, comparable to the 

dimensions of lab-prepared FeOCl reported elsewhere (Chen et al., 2021; Sun et al., 2018a). The 

porous pre-coat layer, formed by stacking of the FeOCl particles on the membrane surface, had pore 

sizes of 0.1−0.5 µm, as estimated from Figure 4.2c. As a result of the much larger pore sizes of the 

pre-coat layer than those (0.9 nm, Inopor data) of the active membrane layer, the pre-coat layer led 

to a minor reduction in pure water permeance of the membrane (<4%, Table S4.1, Supplementary 

Data). In other studies where particles (e.g. zirconium and iron oxides) were pre-coated on low-

pressure membranes, however, a considerable decrease (>70%) in pure water permeance occurred 
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due to pore blockage, since the particle sizes and the pore sizes were similar (Kim et al., 2017; Wang 

et al., 2020a). As indicated by the cross-sectional SEM view and the corresponding Fe/Cl distribution 

on the pre-coated membrane (Figure 4.2d), the pre-coat layer, having a thickness of around 4.6 µm, 

was uniformly coated on the membrane surface.  

 

Figure 4.2 (a) Top-view scanning electron microscope (SEM) image of pristine ceramic NF membrane. 

(b) Polyethylene glycol (PEG) rejection curve of the membrane. The dashed line shows the PEG 

molecular weight with a rejection rate of 90%. (c) Top-view and (d) cross-sectional SEM images with 

energy dispersive spectroscopy line scanning of Fe and Cl elements on the cross-section of FeOCl pre-

coated membrane. 

The colloids in the alginate solution had a particle size distribution of 10−1000 µm (Figure S4.2, 

Supplementary Data), and were thus much larger than the pore sizes of the pre-coat layer. This 

implies that the Ca-alginate colloids, upon contact (or filtering) with the pre-coated membrane, 

would mostly deposit (or be intercepted) on the FeOCl pre-coat via steric exclusion, instead of 

directly contacting the active membrane layer (Yao et al., 2009). However, apart from the large-sized 
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alginate colloids, as suggested by Katsoufidou et al. (2007) and Kim and Dempsey (2013), free 

alginate molecules are also expected to be present in the solution, having a molecular weight 

distribution from 10 to >100 kDa, which means that the alginate molecules could penetrate the pre-

coat layer and be adsorbed on/in the active layer of the membrane. 

4.3.2 Characteristics of flux decreases during alginate fouling 

  

Figure 4.3 Variations in (a) water flux and (b) membrane permeance during filtration under different 

transmembrane pressures (TMPs) and cross-flow velocities (CFVs) with pristine ceramic NF membrane. 

(c) Flux evolution and (d) t/V vs. V variation profiles of pristine and FeOCl pre-coated membranes 

operated at TMP = 3.0 bar and CFV = 0.9 m s−1. The straight lines correspond to the linear fitting of t/V 

vs. V profiles to the cake filtration model. 

The pristine membrane first underwent an abrupt decline in the initial pure water flux, whereafter a 

gradual flux decrease followed (Figure 4.3a), during filtration of the alginate solution. The time-
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dependent flux decreases during filtration with the alginate solution were in agreement with the 

linear relation of the cake filtration model (Section 4.2.3) with a correlation coefficient of R2 = 

0.95−0.99 (Figure S4.3, Supplementary Data), thereby corresponding to the progressive build-up of 

a cake layer on the membrane (Ognier et al., 2002; Yao et al., 2018). Filtration at a high initial flux 

(64.0 L m−2 h−1) developed a larger flux decline (Rc = 39.5%) with the cake growth, than that (Rc = 

20.4%) at a lower initial flux (31.6 L m−2 h−1), probably driven by the high permeate drag forces 

(Miller et al., 2014; Seidel and Elimelech, 2002). The cake fouling at the low initial flux was 

independent of the CFV, where 0.3 m s−1 corresponded to a laminar flow (Re = 2013.0) and 0.9 m s−1 

to a turbulent flow (Re = 6038.9), respectively. It is thus suggested that the alginate cake layer had a 

high adhesion affinity towards the pristine membrane and was thus able to resist the crossflow shear 

forces, presumably resulting from the formation of aggregates with low back diffusion (van den Brink 

et al., 2009). As depicted in Figure 4.3b, the initial pure water permeabilities at both TMP = 2.0 and 

4.0 bar were similar, while, during filtration with the alginate solution, the permeance decreased to 

a lower level (4.2 L m−2 h−1 bar−1) at TMP = 4.0 bar compared to TMP = 2.0 bar (6.5 L m−2 h−1 bar−1). 

This is likely a result of the formation of a thicker, more compact cake layer at higher fluxes (Jiang et 

al., 2022). This observation is not in line with the findings of Akamatsu et al. (2020), who 

demonstrated an unchanged filtration resistance with an increase in permeate flux, during NF of a 

sole alginate solution, probably due to the lower compressibility of the long-chain alginate molecules 

they used, while here the coiled Ca-alginate colloids were filtered.  

Figure 4.3c displays the flux profiles of the pristine and FeOCl pre-coated membranes operated under 

initial fluxes of 56.7 and 46.2 L m−2 h−1, respectively. The same membrane was used for these 

comparative experiments (see Section 4.2.3). The pristine and pre-coated membranes developed a 

sharp decline in the individual pure water flux, after pre-adsorption (5 min), and a progressive flux 

decrease, during filtration with the alginate solution. Moreover, as illustrated in Figure 4.3d, good 

linear fits (y = 0.99 x + 6.36 and y = 1.05 x + 6.54, R2 = 0.99) to the cake filtration model were observed 

for the progressive flux decreases of both membranes. The results thus indicate that the two stages 

of the flux reductions were attributed to initial rapid adsorption of the foulants and subsequent 

gradual cake growth on the membranes, respectively. In addition, the fouling characteristics during 

cake build-up were independent of the presence of the pre-coat layer, as suggested by the nearly 

same flux decline curves of the two membranes (Figure 4.3c), which is in agreement with previous 

studies regarding other pre-coat types (e.g. floc/particulate FeCl3 and Fe3O4 layers) (Kramer et al., 

2020; Lin et al., 2021).  
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4.3.3 Adsorptive fouling as a mechanism for initial rapid flux decline 

 

Figure 4.4 Experimental determination of permeance declines due to foulant adsorption onto pristine 

and FeOCl pre-coated membranes at pH = 7.0. 

For evaluating the rate of rapid fouling at the start of a filtration cycle, the decline of initial pure water 

fluxes, caused by membrane fouling in the absence of a permeate flow, was separated from the 

subsequent gradual flux decrease due to cake build-up. Short contact periods, i.e. 1 and 5 min, were 

adopted in the adsorption tests, to simulate the early stage of fouling resulting from foulant 

adsorption. Figure 4.4 depicts the variations of the pure water fluxes over the pristine and FeOCl pre-

coated membranes, upon exposure to the alginate solution. The pristine membrane, after 5 min 

contact with the alginate solution without a permeate flow, displayed a pure water flux reduction of 

32.5%, while adsorptive fouling was considered to be the only cause for the flux decline, since no 

cake layer was able to build up in the absence of a permeate flow (Akamatsu et al., 2020; Miller et al., 

2014). The adsorption test with a shorter contact time of 1 min caused a flux decline of 25.9%, which 

suggests that adsorption of the foulants onto the pristine membrane rapidly took place. However, the 

FeOCl pre-coated membrane, upon exposure to the alginate solution, within the same time frame (5 

min), underwent a smaller decline (14.5%) in the pure water flux compared to the pristine 

membrane. This is presumably due to the adsorption of foulants on the pre-coat layer without adding 

to the flux decline, as a result of the large pore sizes of the pre-coat layer. Similar findings have 

previously been reported for other types of pre-coat layers (e.g. iron oxide and aluminium oxide 

layers) on ceramic membranes, acting as a pre-filtration media for organic molecules and colloids 

prior to reaching the active layers of the membranes (Malczewska et al., 2015; Yao et al., 2009). 
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4.3.4 Dependence of cleaning efficacy on fouling characteristics during a single fouling 

cycle 

 

Figure 4.5 (a) Initial flux decline ratios and cake fouling ratios during thin cake fouling (J0 = 29.3−40.5 

L m−2 h−1, fouling duration = 30 min) and during thick cake fouling (J0 = 46.3−57.2 L m−2 h−1, fouling 

duration = 60 min), respectively, using pristine and FeOCl pre-coated membranes. (b) Cleaning 

efficiencies of forward flush with demineralized water or H2O2 solutions (pH = 3.3) during a single 

fouling cycle of the membranes.  

As suggested in several studies, a fouling layer on catalytic membranes is likely to behave as a barrier 

for the diffusion of H2O2 onto the active sites, thereby hampering the Fenton oxidation of organic 

foulants (De Angelis and de Cortalezzi, 2016; Sun et al., 2018c). Therefore, in the present section of 

this chapter, the efficacy of Fenton cleaning for the FeOCl pre-coated membrane, was assessed for 

both thin and thick cake fouling, in comparison with using demineralized water forward flush and 

sole H2O2 cleaning of the pristine membrane (Figure 4.5a and b). The thin cake fouling of the 

membranes was obtained by starting fouling at a comparatively low initial flux (29.3−40.5 L m−2 h−1) 

for 30 min, while for the thick cake fouling an initial flux of 46.3−57.2 L m−2 h−1 for 60 min, 

corresponding to cake fouling ratios of Rc = 11.5−17.0% and 34.5−35.6%, respectively (Figure 4.5a). 

As depicted in Figure 4.5b, forward flush of the pristine membrane slightly recovered the pure water 

flux, by 17.5% and 15.9%, at the thin and thick cake fouling conditions, respectively, indicating that 

the majority of the alginate foulants were strongly attached to the membrane surface and could resist 

hydraulic scouring (Kramer et al., 2020; Zhao et al., 2018). H2O2 flush ([H2O2]0 = 30.0 mM) of the 

pristine membrane seemed effective in pure water flux restoration (Fr = 67.6%) for the thin cake 

fouling, but less effective (Fr = 14.4%) for the thick cake fouling, even at a high dosage of H2O2 ([H2O2]0 
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= 60.0 mM). H2O2 cleaning in the presence of a FeOCl pre-coat on the membrane, increased the flux 

recovery to 98.5% for the thin cake fouling, suggesting effective Fenton oxidation during crossflow 

flush with a H2O2 solution. Fenton reactions as indicated in Equation (4.6) and (4.7), were supposed 

to take place on/within the FeOCl pre-coat layer, accompanied with the generation of ●OH radicals in 

the presence of H2O2 at the catalytic sites of the FeOCl particles (Sun et al., 2018b; Yang et al., 2013; 

Zhang et al., 2021). 

FeOCl + H2O2 ↔ Fe1−n
III Fen

II+•OOH+ H+ (4.6)  

≡ FeII +H2O2 ↔≡ Fe
III+•OH+ OH− (4.7) 

Hence, the adsorptive fouling and the deposited cake layer on/in the FeOCl pre-coat, tended to be 

degraded by the generated ●OH radicals. However, a lower flux recovery of 65.4% was obtained after 

Fenton cleaning ([H2O2]0 = 60 mM) of the thick cake fouling. The dependence of the Fenton cleaning 

efficacy on the fouling characteristics, could be ascribed to increased deposition and compacted 

conformation of cake layers as a result of high-flux convection (as described in Section 4.3.2), which 

could slow down the diffusion of H2O2 through the cake layer into the FeOCl pre-coat (Ricceri et al., 

2021; Sioutopoulos and Karabelas, 2015; Soesanto et al., 2019).  

4.3.5 Fenton cleaning in relation to fouling types over multiple cycles 

Cleaning of cake layer dominated fouling 

 

Figure 4.6 Multiple cycles of pure water filtration (J0 = 47.1 L m−2 h−1) and combined pre-

adsorption/filtration with an alginate solution using an FeOCl pre-coated membrane, with periodical 

Fenton cleaning ([H2O2]0 = 60.0 mM, pH = 3.3) followed by demineralized water forward flush.  
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To study the efficacy of Fenton cleaning in relation to the type of fouling on the FeOCl pre-coated 

membrane, combined pre-adsorption/cake filtration/cleaning steps were sequentially executed 

over three cycles without refreshing the pre-coat layer. The experiment was performed using an 

initial flux of 47.1 L m−2 h−1, corresponding to the relatively thick cake layer fouling as discussed in 

Section 4.3.4. As presented in Figure 4.6, a sharp flux decline, due to initial fast adsorption of the 

foulants, and a progressive flux decrease, resulting from subsequent cake build-up, were separately 

observed at each cycle of adsorption and filtration with the alginate solution. Upon combined Fenton 

cleaning/forward flush after Cycle 1 and 2, the initial pure water fluxes at Cycle 2 and 3 were 

recovered to J/J0 = 78.0% and 82.5%, respectively, which represent the cleaning efficacy of the total 

fouling (i.e. adsorptive and cake fouling) at each cycle. In the meantime, however, the average fluxes 

during cake filtration at Cycle 2 and 3 were restored to a larger extent, i.e. by 92.1% and 92.3% 

(relative to the average cake filtration flux at Cycle 1), respectively, corresponding to the cleaning 

efficacy of the cake layer fouling. The results indicate that the cake layer fouling of the pre-coated 

membrane was much better cleaned than was the adsorptive fouling. Nonetheless, the removal of the 

adsorptive fouling seemed to be less important than that of the cake layer fouling, since new 

adsorptive fouling occurred rapidly on/in the cleaned membrane upon contact with the alginate 

solution at Cycle 2 and 3, as indicated by the abrupt flux declines of 25.5% and 25.3%, respectively. 

Similar observations have also been reported for other type of oxidative cleaning, such as chlorine 

cleaning (Kuzmenko et al., 2005). 

Cleaning of adsorption dominated fouling 

 

Figure 4.7 Multiple-cycle (a) filtration (J0 = 39.5 L m−2 h−1) and (b) adsorption with alginate solutions 

and periodical Fenton cleaning ([H2O2]0 = 30.0 mM, pH = 3.3) using an FeOCl pre-coated membrane. 
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To further explore the efficacy of Fenton cleaning on adsorptive fouling, interference of cake fouling 

accumulation over multiple cycles should be excluded. For this purpose, a multicycle 

filtration/cleaning experiment was done with adsorption-dominated fouling (i.e. thin cake layer 

fouling, as described in Section 4.3.4), obtained by filtration at an initial flux of 39.5 L m−2 h−1 for a 

short period (30 min) at each cycle, in parallel to a multicycle adsorption/cleaning experiment (see 

Section 4.2.3). As depicted in Figure 4.7a, the flux decrease at each cycle was predominantly 

attributed to initial flux declines (Ri = 43.9−46.8%) during filtration with the alginate solution, which 

confirms the dominance of adsorptive fouling. The pure water fluxes at Cycle 2 and 3 were restored 

to the same level as the initial baseline flux, i.e. J/J0 = 1, while the pure water fluxes at Cycle 4 and 5 

dropped to J/J0 = 0.91 and 0.87, respectively. Meanwhile, the fluxes during cake filtration over the 

five cycles, remained similar, decreasing from J/J0 = 0.55 to 0.42, approximately. The results suggest 

that the cake layer formed at each cycle was entirely removed by Fenton cleaning, whilst some 

adsorptive fouling progressively accumulated on/within the active layer of the membrane at the later 

cycles. However, the incomplete removal of the adsorptive fouling after Fenton cleaning, did not 

influence the fluxes during cake filtration and the total amount of fouling. 

The multicycle adsorption/cleaning experiment was performed under the same conditions as the 

multicycle filtration/cleaning test, without allowing a permeate flow during adsorption. As shown in 

Figure 4.7b, the pure water fluxes after periodical Fenton cleaning followed a descending trend from 

J/J0 = 1 to 0.93, indicating that a proportion of the adsorbed foulants were not reversed by the 

cleaning steps and tended to accumulate on/in the active layer of the membrane. Nonetheless, the 

pure water fluxes after multicycle adsorption remained stable, in the range of J/J0 = 0.68−0.72, from 

Cycle 1 to 5, implying that the total adsorptive fouling on/within the active layer of the membrane 

was independent of the progressive accumulation of the residual foulants. It is likely that the limited 

number of adsorption sites on/in the active layer of the membrane corresponded to the constant 

amount of the adsorptive fouling during the multiple adsorption/cleaning cycles (Li et al., 2018). The 

results confirm the aforementioned minimal impact of incomplete removal of adsorptive fouling on 

the flux evolution during cake filtration over pre-coated ceramic NF membranes, using Fenton 

cleaning. 

4.4 Conclusions 

The efficacy of Fenton cleaning of an FeOCl pre-coated ceramic NF membrane was assessed in 

relation to different fouling types. For this purpose, membrane adsorption and constant-pressure 

filtration experiments with a model biopolymer solution (i.e. alginate in the presence of calcium ions) 
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were performed in parallel, to differentiate between permeance decreases during adsorptive fouling 

and cake build-up.  

The main conclusions of this chapter were: 

(1) The flux evolution could be divided into an initial sharp flux decline, due to fast adsorption of 

the foulants, and a subsequent gradual flux decline, resulting from progressive cake growth on 

the membrane. 

(2) During multiple adsorption (without a permeate flux)/cake build-up (at a relatively high 

flux)/Fenton cleaning cycles, Fenton cleaning was mainly effective for the cake layer fouling 

compared to the adsorptive fouling.  

(3) The total permeate production during ceramic NF was not influenced by the remaining 

adsorptive fouling (after cleaning), since the adsorptive fouling always only occurs at the 

beginning of each cycle. As such, the removal of the adsorptive fouling was of minor importance 

for the overall performance of the coated ceramic NF membrane using Fenton cleaning. 

Supplementary data 

Text S4.1 Calculation of temperature-calibrated permeance of membranes 

The temperature-calibrated permeance of membranes was calculated with Equation (S4.1): 

𝐿20℃ =
𝐽 ∙ 𝑒−0.0239∙(𝑇−20)

∆𝑃
 (S4.1) 

where L20°C (L m−2 h−1 bar−1) is the temperature-calibrated permeance at 20 °C, J (L m−2 h−1) is the 

measured water flux, T (°C) is the temperature of water, and ΔP (bar) is the measured 

transmembrane pressure. 

Table S4.1 Permeance loss of ceramic membrane during FeOCl pre-coating 

FeOCl dosage 

(mg L−1) 

Initial permeance  

(L m−2 h−1 bar−1) 

Transmembrane pressure 

(bar) 

Permeance loss (%) 

23.1 12.9±0.7 17.1±0.9 3.4±1.0 
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Figure S4.1 Integrative system of catalyst pre-coating, constant-pressure filtration and Fenton cleaning. 

 

Figure S4.2 Particle size distribution of alginate in the presence of calcium. 
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Figure S4.3 t/V vs. V profiles of pristine ceramic NF membrane operated at TMP = 2.0 or 4.0 bar and 

CFV = 0.3 or 0.9 m s−1. The straight lines correspond to the linear fitting of t/V vs. V profiles to the cake 

filtration model. 
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Abstract 

Single-step nanofiltration (NF) is a promising alternative for direct surface water treatment, but is 

hampered by severe fouling and the lack of eco-friendly cleaning strategies. In this chapter, an 

innovative catalytic NF hybrid process, consisting of an iron oxychloride (FeOCl) pre-coat layer on a 

commercial ceramic NF membrane, was proposed to treat surface (canal) water without pre-

treatment. Fenton cleaning with a hydrogen peroxide (H2O2) solution was used for the fouled 

membrane. The catalyst layer was uniformly pre-coated on top of the membrane by means of 

crossflow pre-filtration with a FeOCl suspension, only resulting in a minimal decrease (<4%) of the 

membrane permeance. Bench-scale adsorption and constant-flux filtration experiments revealed 

that the influence of the pre-coat layer and the feed pH (8.5 and 7.0) on the membrane fouling 

depended on adsorption capabilities of the membrane. An operating flux of around 46 L m−2 h−1 

caused faster fouling for the pre-coated membrane than for the pristine membrane, mainly attributed 

to aggravated pore clogging in the pre-coat layer by a large-sized fraction (3−30 µm) of the raw water 

colloids. However, the pristine and pre-coated membranes fouled comparably at a flux of about 23 L 

m−2 h−1, because the cross flow at the lower flux could prevent the large-sized colloid fraction from 

entering the pores of the pre-coat. During five filtration/cleaning cycles, the catalytic pre-coat layer 

effectively restored the filtration resistances of the fouled membrane by Fenton cleaning, while the 

separation layer of the membrane exerted high rejections (approximately 90%) of the natural 

organic matter, measured as dissolved organic carbon. An acceptable stability of the pre-coat layer 

(merely a reduction of 15.6% in the thickness), was maintained over five one-day cycles. 

5.1 Introduction 

Conventional drinking water treatment comprises multiple treatment units involving processes such 

as coagulation, sedimentation, filtration and disinfection, which results in a large footprint (Ho et al., 

2012; Köhler et al., 2016). As a promising alternative, direct nanofiltration (NF) of surface water, 

without pre-treatment, aims to lower production costs and simplify water treatment with a single-

step, chemical-free operation (Futselaar et al., 2002). However, most commercially available NF 

membranes, e.g. polymeric spiral-wound membranes, are susceptible to biofouling and spacer 

clogging by colloids in the feed water, which have to be prevented using pre-treatment steps, such as 

sand filtration or micro-/ultrafiltration (MF/UF) (Dreszer et al., 2014; Wibisono et al., 2015). 

Alternatively, polyamide thin-film composite membranes can only be operated at a very low flux (e.g. 

4 L m−2 h−1) to maintain a steady operation during direct surface water treatment (Fujioka et al., 

2021). 
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Ceramic NF membrane is a promising substitute for its polymeric counterparts, due to its robustness 

and favourable selectivity towards removing natural organic matter (NOM), colloids, pathogens, 

organic micropollutants and multivalent ions (Árki et al., 2019; Caltran et al., 2020; Fujioka et al., 

2014). In constant pressure experiments, various ceramic (e.g. SiO2, TiO2 and TiO2/ZrO2) NF 

membranes (Zhao et al., 2018) have shown smaller flux declines (˂40%), due to NOM fouling, than 

polymeric ones (>70%) (Li et al., 2022; Shim et al., 2021). Caltran et al. (2020) found that NOM 

retention (>90%) by ceramic NF membranes was independent of pH (4−8) and ionic strength (0.1−1 

M) of the feed water, while primarily depending on size exclusion. Sentana et al. (2011), however, 

observed an increase in NOM rejection during ceramic NF, with a reduction of the conductivity 

(900−4000 µS cm−1), with an increase in the feed pH (4.5−8.3) and with an increase in the flux (9−21 

L m−2 h−1). Ceramic NF, as a single-step water treatment technology, has only been studied at lab or 

pilot scale for non-potable water recycling from wastewaters (Cabrera et al., 2022; Kramer et al., 

2015). 

With respect to cleaning of ceramic NF fouled by NOM in the presence of calcium ions, Zhao et al. 

(2018) and Mustafa et al. (2016b) reported that forward flush resulted in low flux recovery rates of 

30−50%. In addition, it has been observed that hydraulic backwash can break the sealings at both 

ends of tubular ceramic NF membranes by a back-flow under high pressures (Kramer et al., 2020). 

Moreover, chemical cleaning of ceramic NF membranes with sodium hypochlorite, has proven to be 

effective in flux restoration, while damaging end sealing layers of the membranes (Kramer et al., 

2019). As an alternative, a catalyst-functionalized ceramic NF hybrid process could enable the 

membrane to be cleaned through on-site advanced oxidation processes. Studies about ceramic 

membrane-based oxidation (e.g. Fenton oxidation, peroxymonosulfate activation, catalytic ozonation 

and photocatalysis) have predominantly been focused on MF and UF processes, having different 

fouling characteristics (e.g. internal adsorption and pore clogging) than those of NF (Park et al., 2012; 

Sun et al., 2018b; Zhao et al., 2020b; Zhu et al., 2022). To the best of our knowledge, studies on 

catalytic ceramic NF membranes for direct surface water treatment do not exist in literature. 

Therefore, the present study was dedicated to elucidating fouling characteristics and Fenton cleaning 

efficacy during direct NF treatment of surface water, using a pre-coated ceramic NF membrane. To 

this end, the heterogeneous Fenton catalyst, iron oxychloride (FeOCl) (Chen et al., 2021; Yang et al., 

2013), was pre-coated on top of a commercial ceramic NF membrane via a crossflow pre-filtration 

method. Canal water was collected as the feed source for direct NF treatment. Filtration of the 

membrane was studied in relation to the pre-coat layer, feed pH and fluxes in a constant-flux filtration 
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mode, to simulate as much as possible potential full-scale application. Underlying fouling 

mechanisms were studied by membrane adsorption in parallel to filtration experiments with the 

canal water. The efficacy of separation/cleaning and the stability of the pre-coat layer were evaluated 

in multiple filtration/cleaning cycles. 

5.2 Materials and methods 

5.2.1 Surface water and membranes 

Table 5.1 Water quality parameters of Delftse Schie Canal water 

Parameters Units Valuesa 

pH / 8.55±0.15 

Turbidity NTU 2.35±0.05 

DOC  mg L−1 11.95±0.13 

UV254  cm−1 0.37±0.01 

Conductivity  mS cm−1 2.42±0.02 

Ca2+ mg L−1 77.64±0.14 

Mg2+ mg L−1 17.71±0.03 

Na+ mg L−1 76.16±0.57 

K+ mg L−1 12.28±0.14 

PO43− mg L−1 6.66±0.04 

SO42−  mg L−1 48.14±0.44 

Cl−  mg L−1 121.10±0.38 

Br−  mg L−1 1.84±0.02 

a Average ± SD from duplicate measurements 

Surface water was collected from the Delftse Schie Canal (Delft, the Netherlands), a moderately 

contaminated urban canal. The canal water had a dissolved organic carbon (DOC) concentration of 

11.95 mg L−1 and a UV absorbance at 254 nm (UV254) of 0.37 cm−1. Other water quality parameters of 

the canal water are summarized in Table 5.1.  

Commercial ceramic NF membranes (Inopor GmbH, Germany), with nominal molecular weight cut-

off (MWCO) of 450 Da (Inopor data), were used. As described by the manufacturer, the membranes 

have a single-channel tubular configuration with an effective filtration area of 0.00163 m2 and an 
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inner diameter of 7 mm. The membranes consist of an active layer of TiO2 and a support layer of Al2O3. 

The virgin membranes were wetted by soaking in Milli-Q water (18.2 MΩ cm) overnight prior to use. 

5.2.2 Experimental methods 

Preparation of catalyst pre-coated ceramic NF membranes 

A thermal annealing method was used to synthesize FeOCl catalyst (Sun et al., 2018a). The precursor, 

FeCl3∙6H2O powder, was sealed in a crucible and calcined at a heating rate of 20 °C min−1 to 220 °C 

and remained for 1 h in a muffle furnace. The resultant FeOCl particles (2.0 g) were ultrasonically 

dispersed into demineralized water (0.5 L) and left to stand for 10 min to remove the settleable solids. 

The FeOCl suspension (inset of Figure S5.1a, Supplementary Data) remained stable and was thus 

favourable for pre-coating through pressure-driven pre-filtration, since undesirable sedimentation 

in the tubing could be avoided.  

A crossflow filtration apparatus (OSMO Inspector 2, Convergence Industry, the Netherlands), with 

the FeOCl suspension (0.5 L) spiked into the feed mainstream (15 L), was used for membrane pre-

coating (Figure 5.1). A laminar cross flow of 0.2 m s−1 (Reynolds number (Re) = 1510, Text S5.1, 

Supplementary Data) and a high transmembrane pressure (TMP = 9−20 bar) were adopted to boost 

the formation of a uniformly compacted catalyst layer on the membrane. Two pristine membranes, 

having different permeance of 11.9 and 27.4 L m−2 h−1 bar−1, were pre-coated at 20.2 and 8.9 bar, 

respectively, for 30 min, resulting in similar fluxes (233.9−234.8 L m−2 h−1), to filter comparable 

amounts of the FeOCl catalyst onto the membranes. Additionally, the effect of FeOCl dosages (0−23.1 

mg L−1) in the feed flow on iron loading was studied by changing the flow rate with a peristaltic pump 

from the concentrated FeOCl tank (4.0 g L−1), during pre-coating (10 min), also at comparable fluxes 

(213.3−220.3 L m−2 h−1). The coating efficiency index (α) was calculated as a ratio of the actual loading 

(Ma, g m−2) to the estimated loading (Me, g m−2), as described with Equation (5.1). 

𝛼 =
𝑀𝑎
𝑀𝑒
=

𝑀𝑎

𝐶𝐹𝑒 ∙ ∫ 𝐽𝐹𝑒
𝑡

0
𝑑𝑡

 (5.1) 

where CFe (g L−1) is the concentration of the FeOCl suspension in the feed flow, JFe (L m−2 h−1) the 

temperature (20 °C) corrected permeate flux (Text S5.2, Supplementary Data) measured with the 

feed FeOCl suspension, and t (h) the operational time, during FeOCl pre-filtration. The actual FeOCl 

loading on the membranes was determined by dissolving the solid iron into an oxalic acid solution 

(1.0 g L−1) and measuring the ionic iron concentration, while the estimated FeOCl loading was 

calculated based on a mass balance of FeOCl filtered by the membranes. 
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Bench-scale experiments of direct NF of canal water and Fenton cleaning  

 

Figure 5.1 Schematic diagram of the integrative system of catalyst pre-coating, constant-flux filtration 

and Fenton cleaning for direct ceramic nanofiltration of surface water. 

Bench-scale filtration experiments were performed using the same crossflow filtration setup as the 

pre-coating tests (Figure 5.1). The pristine and FeOCl pre-coated membranes were tested with 

demineralized water to determine their initial filtration resistances. Direct NF experiments of the 

raw canal water (without any pre-treatment) were done in a constant-flux filtration mode through a 

step-wise increase in TMP (3−22 bar), in order to simulate as much as possible full-scale application. 

The crossflow velocity was set at 0.9 m s−1 to acquire a turbulent flow (Re = 6039) inside the 

membrane channel. The retentate flow was fed back into the feed tank, while the permeate flux was 

continuously measured using a scale connected to a data acquisition system. A sodium hypochlorite 

solution (0.2%) was employed to ensure sufficient cleaning of the fouled membranes after each test. 

An overview of the performed fouling/cleaning experiments is given in Table S5.1 (Supplementary 

Data). The filtration/cleaning experiments were done in duplicate. 

Single-cycle fouling 

Single-cycle fouling (4 h) was executed at fluxes of around 23 and 46 L m−2 h−1, respectively, to 

explore the impact of permeate fluxes on fouling of the membranes in the absence or presence of the 

pre-coat layer. The raw water was subjected to the fouling tests at its original pH (8.5, Table 5.1) and 
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also at pH = 7.0 (adjusted by a HCl solution of 1.0 M), to gain an insight into the fouling mechanism. 

In addition, to study the effect of colloids in the feed water on filtration, prefiltered canal water, over 

a 1.0-μm cartridge filter, was also subjected to the same ceramic NF operations as was the raw water.  

Multi-cycle fouling/cleaning 

The efficacy of Fenton cleaning for the pre-coated membrane, in comparison with that of sole H2O2 

cleaning for the pristine membrane, was assessed during repeated constant-flux filtration and 

cleaning over five cycles (4-h fouling for each cycle). Membrane cleaning (30 min) was carried out by 

circulating a H2O2 solution ([H2O2]0 = 10.0 mM, pH = 3.3) inside the membrane channel with a 

peristaltic pump at a laminar cross flow of 0.16 m s−1 (Re = 1116) as depicted in Figure 5.1. A longer-

term filtration/Fenton cleaning experiment over five cycles (1-d fouling for each cycle), was 

conducted in a constant-pressure filtration mode. The cleaning agent, i.e. H2O2 solution ([H2O2]0 = 

30.0 mM, pH = 3.3), was repeatedly used throughout the five one-day cycles, to evaluate the stability 

and sustainability of the Fenton cleaning route. 

Determination of hydraulic filtration resistances 

The hydraulic filtration resistances were determined using the resistance-in-series model (Choo and 

Lee, 1996) as described in Text S5.3 (Supplementary Data). The resistances at the varying filtration 

conditions and stages were calculated with Equations (5.2)−(5.4): 

𝑅𝑚 =
∆𝑃0
𝜂 ∙ 𝐽0

 (5.2) 

𝑅𝑚 + 𝑅𝑝𝑐 =
∆𝑃0
𝜂 ∙ 𝐽1

 (5.3) 

𝑅𝑚 + 𝑅𝑝𝑐 + 𝑅𝑓 =
∆𝑃2
𝜂 ∙ 𝐽2

 (5.4) 

where Rm (m−1), Rpc (m−1) and Rf (m−1) are the filtration resistances of the pristine membrane, the pre-

coat layer and the fouling layer, respectively. ΔP0 (Pa) is the applied TMP during pure water filtration 

over both the pristine membrane and the pre-coated membrane, respectively, ΔP2 (Pa) the applied 

TMP during filtration with the canal water using the pre-coated membrane. J0 (L m−2 h−1) and J1 (L 

m−2 h−1) represent the pure water fluxes before and after FeOCl pre-coating, respectively, J2 (L m−2 

h−1) the permeate flux of the pre-coated membrane during filtration with the canal water, η (Pa s) the 
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permeate viscosity. The filtration resistances during fouling were plotted as a function of the 

permeate volume per unit filtration area, to compare the fouling status at an equal production.  

Membrane adsorption experiments 

In order to study the fouling potential and mechanism with respect to foulant-membrane interactions, 

separate adsorption experiments were performed. Initial fluxes of the pristine and pre-coated 

membranes were measured with demineralized water at constant pressures of 6−7 bar, to establish 

a baseline permeance prior to adsorption. The demineralized water in the filtration setup was fully 

replaced with the canal water samples before the start of the adsorption experiments. Adsorption of 

NOM/colloids of the canal water onto the membranes was then started by circulating the canal water 

inside the feed channel, using the same filtration setup and crossflow velocity (i.e. 0.9 m s−1) as the 

filtration experiments, except without allowing a permeate flow (TMP = 0 bar). The adsorption tests 

were conducted at the original feed pH (8.5, Table 5.1) and at pH = 7.0 at 20 °C, to better understand 

the underlying adsorption mechanisms. An adsorption duration of 5 min was adopted to evaluate the 

potential of rapid adsorption of the foulants on/in the membranes. After adsorption, the feed water 

was finally switched back to demineralized water to determine fluxes at the same pressures (6−7 bar) 

as used before adsorption. The contribution to declines in the pure water fluxes before and after 

adsorption was supposed to be adsorptive fouling, since cake layers are not able to build up in the 

absence of a permeate flow (Miller et al., 2014).  

5.2.3 Characterization and analytical methods 

The DOC of the canal water was analysed by a total organic carbon analyser (TOC-VCPH, Shimadzu, 

Japan). The anions and cations in the canal water were measured with ion chromatography (883 

Basic IC plus, Metrohm Instrument, the Netherlands). The UV254 was determined by a UV/vis 

spectrometer (GENESYS 10S UV-Vis, Thermo Scientific, USA) with a quartz cell (1 cm). Prior to all the 

analyses, the water samples were filtrated through 0.45 μm filters to retain potential impurities. The 

crystalline profiles of the FeOCl catalyst were analysed between 10° and 110° with a scan step of 0.3° 

min−1 by X-ray diffractometer (D8-Advance, Bruker, USA) under Cu Kα radiation at 45 kV and 40 mA. 

The zeta potentials of the canal water samples and FeOCl suspensions (0.37 mM) were recorded 

using a NanoSizer (Nano Series, Malvern Instrument Ltd., UK).  

The top-view and cross-sectional mapping of the membranes before and after FeOCl pre-coating was 

taken by scanning electron microscopy (SEM) (S-3400 N, Hitachi High-Technologies, Japan), 

equipped with energy dispersive spectroscopy. The top surface and thickness of the remaining FeOCl 
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pre-coat on the membrane, after the long-term (5 d) multicycle filtration/cleaning, were analysed 

with the SEM.  

The actual MWCO of the membranes was determined by measuring the rejection rates of 

polyethylene glycols (PEGs) of five molecular weights (200, 300, 400, 600 and 1000 Da) (Sigma-

Aldrich, Germany) as tracer compounds, as reported by Shang et al. (2017). The PEG samples were 

analysed by high-performance size exclusion chromatography (Prominence, Shimadzu, Japan), 

installed with a gel permeation column (5 mm 30 Å, PSS GmbH, Germany) and a refractive index 

detector (RID-20A, Shimadzu, Japan). 

5.3 Results and discussion 

5.3.1 Characterization of surface water, FeOCl catalyst and membranes 

Surface water 

 

Figure 5.2 (a) colloidal size distribution and (b) zeta potential of canal water foulants. 

Ceramic NF membranes have abundant porous channels and charged surfaces, and are supposed to 

intercept large-sized or charged substances via steric hindrance and electrostatic repulsion, 

respectively (Caltran et al., 2020; Zhao et al., 2018). Figure 5.2a shows that colloidal substances, 

present in the canal water, were characterized by a bimodal distribution of particle sizes in the range 

of ˂0.04 µm and 3−30 µm, as similarly observed in an earlier study (Walther et al., 2006). The zeta 

potential profiles (Figure 5.2b) imply that NOM/colloids in the canal water were (mostly) negatively 

charged at pH = 6−9, because particles in surface water adsorb negatively charged humic acids (Xu 

et al., 2018). The zeta potential of the solution was rather stable, ranging from −15.1 to −16.5 mV, as 
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a function of the pH (6−9), which is in good agreement with the findings of Zhang and Bai (2003). 

Apparently, the NOM in the canal water was fully deprotonated above pH = 6.0, since pKa values of 

the predominant humic/fulvic acid carboxylic groups center around 4.7 and 5.9 (Li et al., 2021). 

FeOCl catalyst and membranes 

 

Figure 5.3 (a) Photograph of pristine (left) and FeOCl pre-coated (right) ceramic NF membranes. (b) 

Top-view and (c) cross-section SEM images of pristine membrane. (d) Top-view and (e) cross-section 

SEM images with inset energy dispersive spectroscopy profiles of FeOCl pre-coated membrane. (f) 

Polyethylene glycol (PEG) rejection curve of ceramic NF membrane. The dashed line shows the PEG 

molecular weight with a rejection rate of 90%, representing the MWCO. 

The characteristic crystalline phases, i.e. (010), (110), (021) and (111) planes, of the FeOCl catalyst, 

as measured in Figure S5.1b (Supplementary Data), were in line with the standard XRD pattern of 

FeOCl in its pure phase (JCPDS No. 72-0619) (Sun et al., 2018a). The profile of the zeta potential as a 

function of the pH of the FeOCl suspension (Figure S5.1a, Supplementary Data) showed an isoelectric 

point between pH = 7.0 and 8.1, corresponding to a positively charged surface of the FeOCl particles 

at pH = 7.0. A comparable isoelectric point (i.e. pH = 8.3) of FeOCl has previously been reported by 

Chen et al. (2021). As can be observed from Figure 5.3a, the surface of the membrane channel 

changed from white to homogeneously brownish yellow, upon FeOCl pre-coating, meaning successful 
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loading of the FeOCl catalyst onto the membrane. The pristine membrane exhibited a dense and 

smooth surface (Figure 5.3b and c) of the active membrane layer, in accordance with earlier 

observations (Shang et al., 2017; Voigt et al., 2019). The pre-coated membrane, however, displayed a 

rougher surface, with the FeOCl particles randomly stacked on the membrane (Figure 5.3d). The 

FeOCl particles were present as long-strip sheets with dimensions of, approximately, 0.2−0.3 µm in 

thickness, 0.7−1.2 µm in width and 3.0−5.0 µm in length (inset of Figure S5.1b, Supplementary Data), 

which enabled the particles to deposit onto the membrane as a pre-coat layer, instead of penetrating 

into the nano-pores (around 1 nm in diameter). The pre-coat layer had pore sizes ranging from 0.1 

to 0.5 µm, as estimated from the top-view SEM image (Figure 5.3d). Therefore, the pre-coat layer was 

assumed to act as a pre-filtration media to retain the large-sized fraction (3−30 µm, Figure 5.2a) of 

the colloids from the canal water, while only allowing the small-sized colloid fraction (˂0.04 µm, 

Figure 5.2a) and the dissolved molecules to pass through and reach the surface of the active 

membrane layer (Malczewska et al., 2015; Zhao et al., 2020a). The pre-coat layer of about 5.3 µm in 

thickness (Figure 5.3e), appeared to be uniformly coated on the membrane. As indicated by the PEG 

rejection curve in Figure 5.3f, the measured MWCO of the membrane, i.e. 701 Da, was larger than the 

nominal MWCO (450 Da, Inopor data), as has also been observed in other studies on similar 

membranes (Caltran et al., 2020; Mustafa et al., 2016a). 

 

Figure 5.4 (a) FeOCl loading of ceramic NF membranes with different initial permeance. Inset: FeOCl 

coating efficiency vs. membrane permeance. (b) Effect of FeOCl dosage on iron loading and permeance 

loss of ceramic NF membrane.  

In order to test the adjustability of catalyst loading by means of crossflow pre-filtration, loading of 

the FeOCl particles was studied in relation to different permeance (11.9 and 27.4 L m−2 h−1 bar−1) of 
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two pristine membranes and varying FeOCl dosages (0−23.1 mg L−1). Figure 5.4a depicts that the two 

membranes, when pre-coated at the similar fluxes (see Section 5.2.2), presented comparable FeOCl 

loading, being 2.7 and 2.4 g m−2, respectively. This thus implies that maintaining the permeate flux at 

a certain level by tuning the TMP during pre-coating, is a viable method for obtaining the intended 

catalyst loading on the membranes. The actual loading of the membranes was less than a half (α < 

46.0%, inset of Figure 5.4a) of the theoretical loading (5.8−5.9 g m−2), being the total amount of FeOCl 

filtered by the membranes. It is likely that the cross flow in the membrane channel limited the build-

up of the FeOCl pre-coat layer on the membranes, due to a shear-induced diffusion effect 

(Anantharaman et al., 2020). The FeOCl loading on the membrane was linearly related to the FeOCl 

dosages (y = 0.0413 · x, R2 = 0.99), indicating that the FeOCl loading could also be regulated by 

changing the FeOCl dosages (Figure 5.4b). The permeance losses of the membranes, as a result of 

FeOCl pre-coating, were minimal (<4%, inset of Figure 5.4b). This is supposedly because the porous 

pre-coat layer provided alternative, interconnected channels for water permeation, since 

intraparticle micropores and particle interspaces (meso/macropores) were abundant in/between 

the FeOCl particles, as has been verified by prior studies (Luo et al., 2019; Sun et al., 2018a).  

5.3.2 Rapid adsorption of foulants on membranes 

 

Figure 5.5 Membrane permeance declines due to adsorption (5 min) of foulants from raw canal water 

to (a) pristine (uncoated) and (b) FeOCl pre-coated membranes at original (pH = 8.5) and neutral pH 

(7.0) of the canal water. 

Adsorptive fouling, without a permeate flow through a membrane, provides an insight into solute-

membrane interactions (Shao et al., 2011; Zazouli et al., 2009). Figure 5.5a shows that the flux decline 

of the pristine membrane upon adsorption at pH = 7.0 (19.7%) was much smaller than at pH = 8.5 
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(31.0%). The same tendency was observed for the FeOCl pre-coated membrane (Figure 5.5b), where 

the flux decline due to adsorption at pH = 7.0 (30.7%) was also smaller than at pH = 8.5 (41.0%). 

These findings are in line with the observation of Kim et al. (2009), who have demonstrated that the 

adsorption capacity of NOM (10 mg L−1) onto TiO2 particles was increased from 12 to 19 mg g−1 with 

an increase in the solution pH from 5 to 8. They have suggested that NOM-TiO2 bridging by calcium 

ions (1 mM) was more prone to occur at pH = 8, where the TiO2 surfaces were more negatively 

charged, than at pH = 5. Regardless of the used pH (7.0 and 8.5), the adsorption-induced flux declines 

of the pre-coated membrane were higher than those of the pristine membrane. Both membranes 

developed a progressive increase in the fluxes during pure water filtration after adsorption, implying 

that the adsorbed foulants inclined to be desorbed to some extent during (crossflow) filtration with 

pure water. 

5.3.3 Effect of feed pH, FeOCl pre-coat, foulant sizes and fluxes on filtration 

resistances 

Direct ceramic NF of raw canal water (Figure 5.6a and b) was performed at its original pH (8.5) and 

at pH = 7.0, using the pristine and pre-coated membranes at a constant flux of 44.7−46.0 L m−2 h−1, 

during a single filtration cycle, to elucidate the underlying fouling mechanisms and influential factors. 

The mean increase rate of each filtration resistance, represented by the slope of a linear regression 

of the resistances as a function of the volume per unit area, was used as an indicator for fouling 

potentials under the various conditions. Both the uncoated NF, at pH = 8.5 and 7.0 (Figure 5.6a), and 

the pre-coated NF, at pH = 8.5 and 7.0 (Figure 5.6b), developed sharp increases in the initial filtration 

resistances of 7.2×1013, 6.4×1013, 11.0×1013 and 7.5×1013 m−1, and afterwards an abrupt transition to 

slower resistance increases of 0.0561, 0.0241, 0.1418 and 0.0503 (1013 m L−1), respectively. 

Apparently, both membranes fouled more severely at pH = 8.5 than at pH = 7.0, which has been 

interpreted by increased calcium-bridging between ceramic membranes and NOM at a higher pH in 

prior studies with consistent findings (Kim et al., 2009; Mustafa et al., 2014). Overall, the increase 

rates of both the initial and follow-up filtration resistances, at the four combined conditions, followed 

the same order as the permeance declines during adsorption (Section 5.3.2), i.e. Uncoated NF/pH7.0 

< Uncoated NF/pH8.5 ≈ Pre-Coated NF/pH7.0 < Pre-Coated NF/pH8.5. This confirms the important 

role of foulant adsorption in membrane fouling during direct NF of raw (surface) water. Once (some 

of) the membrane pores were clogged/narrowed by the adsorbed foulants, cake layers started to 

grow, thereby slowly increasing the resistances, as also observed earlier (Kirschner et al., 2019; 

Ognier et al., 2004).  
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Figure 5.6 Filtration resistances of (a) pristine and (b) FeOCl pre-coated membranes during direct NF 

of raw canal water at its original pH (8.5) and pH = 7.0, (c) during NF with pre-filtered canal water (by 

1 μm cartridge filter) at pH = 8.5, at constant fluxes of around 46.0 L m−2 h−1, and (d) during direct NF 

of raw canal water (pH = 8.5) at constant fluxes of about 23.0 L m−2 h−1. 

The effect of foulant sizes on filtration resistances was studied using pre-filtered canal water for 

filtration of the pristine and pre-coated membranes at a constant flux of 45.9−47.5 L m−2 h−1 (Figure 

5.6c). As the raw water colloids had sizes of ˂0.04 µm and 3−30 μm (Figure 5.2a), the pre-filtered 

canal water through a 1-μm filter was therefore assumed to only consist of a small-sized fraction 

(˂0.04 µm) of the colloids and dissolved NOM. The pre-coated membrane, during filtration with the 

pre-filtered canal water, developed a resistance curve nearly parallel to that of the pristine 

membrane, implying that the membrane fouling by the small-sized colloid fraction and NOM were 

independent of the presence of the pre-coat layer. It is likely that the small foulants tended to 

penetrate the pre-coat layer and predominantly fouled the active membrane layer (Yao et al., 2009; 

Zhao et al., 2020a). The result, however, largely differs from the observations during direct raw water 
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(pH = 8.5) filtration in Figure 5.6a and b, where the resistance increase rate of the pre-coated 

membrane was over 2.5 times that of the pristine membrane. The faster fouling of the pre-coated 

membrane was thus supposedly because the large-sized fraction of the colloids filled and clogged the 

pores in the pre-coat layer at the flux of 44.7−46.0 L m−2 h−1 while the pristine membrane tended to 

develop minor pore clogging due to its small pore sizes (0.9 nm, Inopor data). Likewise, Liu and 

Benjamin (2016) revealed that fouling of an aluminium oxide pre-coat layer on top of a membrane 

was dominated by large-sized colloids in surface water, which is in line with our observations. When 

using the pre-coated membrane, the resistance growth rate (0.0205 [1013 m L−1]) during filtration 

with the pre-filtered canal water (Figure 5.6c), accounted for only 14.5% of that during filtration with 

the raw canal water (pH = 8.5) (Figure 5.6b), confirming the dominant role of the large-sized colloid 

fraction in pore clogging of the pre-coat layer.  

Figure 5.6d illustrates the resistance evolution of the pristine and pre-coated membranes during 

direct NF of the raw canal water at a constant flux of 22.8−23.1 L m−2 h−1. The pre-coated membrane 

underwent a resistance increase from 8.9×1013 to 16.7×1013 m−1, comparable to that of the pristine 

membrane, from 8.4×1013 to 18.4×1013 m−1. The result suggests that the pre-coat layer on the 

membrane, during direct raw water NF at approximately 23 L m−2 h−1, did not develop considerable 

pore clogging, unlike the situation at around 46 L m−2 h−1. It is likely that the cross flow (0.9 m s−1) at 

the lower flux (with a weaker permeation drag force) could, to some extent, prevent the large-sized 

colloid fraction from entering the pores of the pre-coat layer. In addition, the number of foulants, 

carried by the lower flux, were fewer, compared to the higher flux, and the foulants might be well 

dispersed on/within the porous pre-coat layer without causing pronounced clogging of the pores 

(Soesanto et al., 2019). Similar dependence of fouling potential on the combination of pre-coat layers 

and filtration fluxes, has been observed for an iron oxide pre-coated membrane, as documented 

previously (Kim et al., 2017). 

5.3.4 Filtration/cleaning performance over multiple cycles 

Direct filtration of canal water using pristine and FeOCl pre-coated membranes, and membrane 

cleaning with a H2O2 solution ([H2O2]0 = 10.0 mM, pH = 3.3), were performed over five four-hour 

cycles, without refreshing the FeOCl pre-coat between the cycles. The fluxes were kept constant at 

22.1−22.6 L m−2 h−1, to avoid too rapid clogging, as demonstrated in Section 5.3.3. As shown in Figure 

5.7, the pristine membrane underwent a continuous increase in filtration resistances from 

11.5×1013−21.3×1013 (Cycle 1) to 18.6×1013−28.9×1013 m−1 (Cycle 5), respectively, while crossflow 
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flushing with the H2O2 solution was done after each filtration cycle. Sole H2O2 solutions, in the absence 

of a Fenton catalyst, have been reported to exert minor oxidative removal of organic foulants from 

ceramic membranes (De Angelis and de Cortalezzi, 2016; Sun et al., 2018b), which is in accordance 

with our findings. However, the filtration resistances of the pre-coated membrane only slightly 

increased at Cycle 2, i.e. from 8.9×1013−16.6×1013 to 10.8×1013−18.4×1013 m−1, respectively, while, 

thereafter, they remained steady over the following cycles. The chemically irreversible fouling index 

(CIFI) (Text S5.4, Supplementary Data) of the pre-coated membrane was 0.00057 m−2 L−1, accounting 

for less than 25% of the CIFI value (0.00231 m−2 L−1) of the pristine membrane (Figure S5.2, 

Supplementary Data). Fenton oxidation reactions, catalysed by the FeOCl pre-coat layer, thus 

removed the majority of the foulants on/within the pre-coat layer, avoiding aggressive cleaning with 

strong oxidants (e.g. chlorine) or bases (e.g. caustic soda). The coexistence of Fenton catalyst (i.e. 

FeOCl), organic foulants (i.e. NOM and colloids) and H2O2 was favourable for degradation and 

removal of the foulants, due to a short mass transfer distance between ●OH radicals and the foulants. 

Chen et al. (2019b) demonstrated that a MoS2 coated membrane could provide an active catalyst-

contaminant interface with producing radicals in close vicinity to the contaminants, which is a 

prerequisite for effective oxidation. 

 

Figure 5.7 Evolution of filtration resistances of pristine and FeOCl pre-coated membranes during direct 

filtration of raw canal water (pH = 8.5) at a constant flux of about 22.4 L m−2 h−1 and periodic H2O2 

cleaning ([H2O2]0 = 10.0 mM, pH = 3.3) over five four-hour cycles. 

5.3.5 Validation of filtration performance and stability of FeOCl pre-coated 

membrane in long-running operations 
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Figure 5.8 (a) Direct canal water filtration using FeOCl pre-coated membrane at a constant-pressure 

of 3.0 bar with periodical Fenton cleaning over five one-day cycles. The FeOCl pre-coat and H2O2 solution 

were not renewed between the cycles. (b) Rejection of dissolved organic carbon (DOC), UV absorbance 

at 254 nm (UV254) and conductivity during five-day filtration. (c) Top-view and (d) cross-sectional SEM 

images of the membrane after the five one-day cycles. 

Separation/cleaning efficacy and pre-coat stability of the pre-coated membrane, during direct 

filtration of canal water, were further studied in a longer period, comprising five cycles (1 d for each 

cycle) of filtration/Fenton cleaning. Constant-pressure filtration (TMP = 3.0 bar) was performed at 

an initial pure water flux of 21.7 L m−2 h−1 (Figure S5.3, Supplementary Data), considering its ease in 

automatic regulation for continuous filtration, over days, at lab scale. As observed in Figure S5.3, the 

pre-coated membrane experienced an abrupt flux decline by 42.5% at the very beginning of filtration, 

which was close to the flux decline percentage, i.e. 41.0% (Figure 5.5b, Section 5.3.2), determined by 
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the adsorption experiment, and was thus assumed to predominantly result from adsorption. Figure 

5.8a shows that, following periodical Fenton cleaning, the starting resistances at Cycle 2, 3 and 4 were 

recovered to a level as high as the one at Cycle 1, indicating effective removal of the foulants by Fenton 

cleaning. The multiple cycles presented a gradually rising tendency in the overall filtration 

resistances, due to accumulation of some irremovable fouling during the longer filtration period (5 

d) (Ninomiya et al., 2020).  

The rejection percentages of DOC, UV254 and conductivity were recorded throughout the five 

filtration cycles (Figure 5.8b). The rejection percentages in DOC (87.7−89.9%) and UV254 

(88.0−89.4%) remained high and steady over the multiple cycles, predominantly via steric 

hinderance acted by the separation layer of the membrane (Caltran et al., 2020; Cheng et al., 2017). 

Rejection of ions by ceramic NF is mainly governed by electrostatic repulsion, since the sizes of the 

hydrated ions are much smaller than the pore sizes (Chen et al., 2019a; Wadekar and Vidic, 2018). 

However, as the charge on the TiO2 separating layer of the membrane was low and also (negatively) 

influenced by continuous adsorption of oppositely charged molecules (Caltran et al., 2020), the ions 

were poorly rejected, as indicated by the small change in water conductivity (8.6−26.7%). As 

observed in Figure 5.8c and d, the membrane surface after the fifth cycle was still covered with an 

FeOCl layer with a thickness of approximately 4.5 µm, compared to the initial thickness of 5.3 µm 

(Figure 5.3e, Section 5.3.1). The aforementioned results, collectively, validate the stability/reactivity 

of the FeOCl pre-coated ceramic NF membrane during its long-term repeated uses for direct filtration 

of surface (canal) water and Fenton cleaning. 

5.4 Conclusions 

A novel catalytic NF hybrid process, comprising a catalyst (FeOCl) pre-coat layer on a ceramic NF 

membrane, was proposed as a single-step route for direct treatment of surface (canal) water and 

Fenton cleaning (with a H2O2 solution) over the fouled membrane. The ceramic NF fouling was 

affected by the pre-coat layer and the feed pH (8.5 and 7.0), while the extents varied depending on 

adsorption capabilities of the membrane under the individual conditions. The main conclusions of 

this chapter were: 

(1) The FeOCl layer was uniformly pre-coated on top of the membrane by means of crossflow pre-

filtration with a FeOCl suspension, only causing a minimal decrease (<4%) of the membrane 

permeance. 
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(2) A large-sized fraction (3−30 µm) of the colloids in the canal water, in combination with an 

operating flux of about 46 L m−2 h−1, contributed to a faster pore clogging in the pre-coat layer 

than in the pristine membrane. However, the pristine and pre-coated membranes fouled 

comparably at a flux of around 23 L m−2 h−1. 

(3) The catalytic pre-coat layer facilitated the restoration of filtration resistances of the fouled 

membrane through Fenton cleaning, while the separation layer of the membrane maintained 

high rejections (approximately 90%) of the NOM over five one-day fouling/cleaning cycles.  

(4) The pre-coat layer remained reproducible over the five long-running cycles, having a minor 

loss of 15.6% in its thickness. 

Supplementary data 

Text S5.1 Reynolds number of flows inside a membrane channel 

The Reynolds number is an indicator of the flow regime which is calculated with Equation (S5.1): 

𝑅𝑒 =
𝑣𝑐 ∙ 𝑑ℎ
𝑣

 (S5.1) 

where Re is the Reynolds number, vc the crossflow velocity (m s−1), and dh the hydraulic diameter of 

the cross-section of the flow. For tubular membranes, the hydraulic diameter is equal to the inner 

diameter of the membrane (m). 𝜈 denotes the kinematic viscosity of the fluid, and it is 1.004×10−6 m2 

s−1 for water at 20 °C. 

Text S5.2 Temperature-corrected flux of membranes 

Real-time variations in solution temperature during filtration were used to calculate the 

temperature-corrected flux of the membranes with Equation (S5.2): 

𝐽 = 𝐽𝑡 ∙ 𝑒
−0.0239∙(𝑇−20) (S5.2) 

where J (L m−2 h−1) is the temperature-corrected flux at 20 °C, Jt (L m−2 h−1) the measured flux, and T 

(°C) the temperature of feed solutions. 

Text S5.3 Determination of hydraulic filtration resistances 

The hydraulic filtration resistances were determined using the resistance-in-series model as 

described with Equation (S5.3) (Choo and Lee, 1996). 
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𝐽 =
𝑑𝑉

𝐴𝑚 ∙ 𝑑𝑡
=
∆𝑃

𝜂 ∙ 𝑅
 (S5.3) 

where J (L m−2 h−1) is the temperature-corrected flux at 20 °C (Text S5.2), V (m3) the cumulative 

permeate volume, t (s) the filtration time, Am (m2) the effective filtration area, ΔP (Pa) the applied 

TMP, η (Pa s) the permeate viscosity, and R (m−1) the hydraulic filtration resistance. 

Text S5.4 Chemically irreversible fouling index (CIFI) 

Chemically irreversible fouling index (CIFI) was represented by the slope of a line, connecting the 

starting points of the first and fifth curves of transmembrane pressure vs. permeate volume per 

filtration area, based on the two-point method (Huang et al., 2009). 

Table S5.1 Specifications of performed fouling/cleaning experiments 

 

No. NF types 

Fouling tests Cleaning tests 

Canal 

water 

Feed 

pH 
Flux/TMPc 

CFVe 

m s−1 

tff 

h 

H2O2 

mM 

CFV 

m s−1 

tcg 

h 
pH 

Figure 

5.6 

a NFpa Raw  
7.0 

/8.5 
46 LMHd 0.9 4 

 b NFcb Raw  
7.0 

/8.5 
46 LMH 0.9 4 

c NFp/NFc Filtered  8.5 46 LMH 0.9 4 

d NFp/NFc Raw  8.5 23 LMH 0.9 4 

Figure 5.7 NFp/NFc Raw  8.5 23 LMH 0.9 5×4 10 0.16 0.5 3.3 

Figure 5.8 NFc  Raw  8.5 3 bar 0.9 5×24 30 0.16 1.0 3.3 

a NFp: pristine NF; b NFc: coated NF; c TMP: transmembrane pressure; d LMH: L m−2 h−1; e CFV: cross 

flow velocity; f tf: fouling time; g tc: cleaning time. 
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Figure S5.1 (a) zeta potential of FeOCl suspension (inset) as a function of pH value. (b) XRD pattern and 

SEM image (inset) of FeOCl particles.  

 

Figure S5.2 Determination of chemical irreversible fouling indices (CIFI) of pristine and FeOCl pre-

coated membranes during multicycle direct NF of canal water and membrane cleaning by H2O2 solutions 

([H2O2]0 = 10.0 mM, pH = 3.3). 
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Figure S5.3 Flux evolution during multicycle filtration with canal water at a constant transmembrane 

pressure of 3.0 bar using FeOCl pre-coated membrane over five days in combination with periodic 

Fenton cleaning. 
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6.1 Conclusions 

In this thesis, studies were conducted on the efficacy and mechanisms of using Fenton-based 

oxidation for cleaning ceramic nanofiltration (NF) membranes, in relation to their fouling 

characteristics during filtration with a model biopolymer (alginate) solution and real surface water. 

A reactive Fenton catalyst layer was pre-coated on top of a commercial ceramic NF membrane by 

means of crossflow pre-filtration of an iron oxide (Fe3O4) or iron oxychloride (FeOCl) suspension. 

Adsorption (in the absence of a permeate flow) and constant-pressure filtration (with a permeate 

flow) experiments with the alginate solution were performed to distinguish between decreases in 

permeance as a result of adsorptive or cake layer fouling. A sole hydrogen peroxide (H2O2) solution 

or hybrid H2O2/oxalic acid solution was used during crossflow cleaning of the pre-coated membrane. 

For the bench-scale application, filtration performance of the pre-coated membrane in combination 

with Fenton cleaning was evaluated during direct surface water treatment in a constant-flux 

filtration mode.  

Overall, it can be concluded that ceramic NF membranes, having the iron-based catalyst pre-coat 

layer (i.e. Fe3O4 and FeOCl) on the surface of the membranes, were able to effectively remove the 

fouling, formed by the highly concentrated alginate model solution or natural organic matter 

(NOM)/colloids in the surface water, on/in the pre-coated membranes by Fenton cleaning. However, 

the cleaning efficacy was closely related to fouling types (i.e. adsorptive and cake layer fouling) and 

characteristics of the pre-coated membranes. The cake layer fouling was almost fully removed by 

Fenton cleaning, while the adsorptive fouling was only partially removed. However, the latter did not 

influence the long-term performance of the ceramic NF. A combination of Fenton oxidation and oxalic 

acid relaxation over the fouling layers improved the cleaning efficacy, as a result of potentially 

enhanced diffusion of H2O2 through the fouling layers onto the active sites of the catalyst pre-coat 

layer. The FeOCl pre-coated ceramic NF membrane was proved applicable in direct surface water 

treatment in terms of both rejection of NOM and Fenton cleaning. 

The specific conclusions with respect to the research questions proposed in Chapter 1 are as follows: 

What is the current understanding of fouling characteristics of ceramic membranes and effect of 

oxidation on fouling mitigation? 

The state-of-the-art knowledge on surface interactions in relation to fouling characteristics of 

ceramic membranes in water treatment and effect of oxidation on fouling mitigation of the 
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membranes, was reviewed and discussed in Chapter 2. It was concluded that oxidation of organic 

matter in feed water can mainly mitigate reversible fouling of ceramic membranes while in many 

cases being ineffective for irreversible fouling, depending on the whole change of different surface 

interactions between the organic matter and the membranes. However, the present knowledge is 

mainly limited to microfiltration and ultrafiltration processes, while a clear understanding of fouling 

characteristics during ceramic NF in water treatment is still lacking. In addition, available studies 

about using oxidation methods for fouling mitigation of ceramic membranes were predominantly 

focused on oxidation of organic matter in the feed water, which has a risk of secondary pollution due 

to a potential passage of the oxidants and/or oxidation by-products into the permeate. Very little 

attention has been paid to using (catalytic) oxidation during cleaning of, in particular, ceramic NF 

membranes. Therefore, in future studies, efficacy and mechanisms of applying oxidation for cleaning 

a ceramic NF membrane, need to be studied based on an in-depth understanding of fouling 

characteristics of the membrane. 

How to improve the efficacy of Fenton cleaning over an alginate fouling layer on ceramic NF membranes? 

Chapter 3 describes a synergistic method of integrating oxalic acid chelation and Fe3O4-activated 

Fenton oxidation for cleaning persistent alginate fouling of the ceramic NF membranes. A synergistic 

effect of oxalic acid relaxation and Fenton oxidation over the alginate fouling layer was found to play 

a key role in the removal of the fouling layer, presumably attributed to an enhanced mass transfer of 

H2O2 at the interface between the iron-oxide pre-coat layer and the fouling layer. Cleaning of the iron-

oxide pre-coated membrane with the oxalic acid/H2O2 solution for 15 min achieved stable initial 

normalized fluxes (83.33−90.15%) during five filtration/cleaning cycles, with no need of refreshing 

the pre-coat layer between the cycles. 

How is Fenton cleaning related to fouling types of ceramic NF membranes? 

The efficacy of Fenton cleaning of the FeOCl pre-coated ceramic NF membrane, in relation to its 

different fouling types during filtration with the alginate solution, was investigated in Chapter 4. The 

results imply that the flux evolution could be divided into an initial sharp flux decline, due to rapid 

adsorption of the foulants (i.e. adsorptive fouling), and a subsequent gradual flux decline, resulting 

from progressive cake build-up on the membrane (i.e. cake layer fouling). The efficacy of Fenton 

cleaning was predominantly dependent on the thickness of the cake layer fouling (above the 

adsorptive fouling layer), where the flux recovery at the thin cake fouling (98.5%) was higher than 

at the thick cake fouling (65.4%). During multiple adsorption (without a permeate flux)/cake build-
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up (at a relatively high flux)/Fenton cleaning cycles, Fenton cleaning was mainly effective for the cake 

layer fouling compared to the adsorptive fouling. However, the total permeate production during 

ceramic NF was not influenced by the remaining adsorptive fouling (after cleaning), since the 

adsorptive fouling always only occurs at the beginning of each cycle. As such, the removal of the 

adsorptive fouling was of minor importance for the overall performance of the pre-coated ceramic 

NF membrane using Fenton cleaning. 

What are the fouling characteristics and Fenton cleaning efficacy of ceramic NF membranes in direct 

surface water treatment? 

A bench-scale application of the FeOCl pre-coated ceramic NF membrane for direct surface (canal) 

water treatment in combination with Fenton cleaning, was described in Chapter 5. The fouling during 

ceramic NF was affected by the pre-coat layer and the feed pH (8.5 and 7.0), while the extents varied 

depending on adsorption capabilities of the membrane under the individual conditions. The FeOCl 

layer was uniformly pre-coated on top of the membrane by means of crossflow pre-filtration with a 

FeOCl suspension, only causing a minimal decrease (<4%) of the membrane permeance. A large-sized 

fraction (3−30 µm) of the colloids in the canal water, in combination with an operating flux of about 

46 L m−2 h−1, contributed to faster pore clogging in the pre-coat layer than in the pristine membrane. 

However, the pristine and pre-coated membranes fouled comparably when filtering the canal water 

at a flux of around 23 L m−2 h−1. The catalytic pre-coat layer facilitated the restoration of filtration 

resistances of the fouled membrane through Fenton cleaning, while the separation layer of the 

membrane maintained high rejections (approximately 90%) of the NOM, measured as dissolved 

organic carbon and UV absorbance at 254 nm, over five one-day fouling/cleaning cycles. The pre-

coat layer remained reproducible over the five long-running cycles, having a minor loss of 15.6% in 

its thickness. 

6.2 Outlook and recommendations for future research 

6.2.1 Potential of catalyst pre-coated ceramic NF membranes for direct water 

treatment and de-fouling using Fenton cleaning 

Conventional drinking water treatment consists of multiple treatment stages including coagulation, 

sedimentation, filtration and disinfection, causing a large footprint and complicated operations (Ho 

et al., 2012; Köhler et al., 2016). This thesis provides a single-step, chemical-free ceramic NF method, 

as a potential alternative, for direct treatment of surface water sources (without pre-treatment), 

aiming at more compact design of an advanced water supply system than that of the conventional 
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multi-stage systems. The process, using a catalyst pre-coat layer on top of a ceramic NF membrane, 

effectively recovers the filtration resistance of the membrane through Fenton cleaning, while the 

active layer of the membrane maintains a high rejection of NOM via size exclusion. As proved in this 

thesis, Fenton cleaning of the catalyst pre-coated ceramic NF membranes was also effective for 

removing the organic fouling formed by the highly concentrated alginate solution up to 0.8 g L−1. 

Therefore, it is hypothesised that the catalyst pre-coated ceramic NF membranes, in combination 

with Fenton cleaning, can even be a potential process for direct treatment of wastewaters with a high 

organic loading, making direct treatment from municipal wastewater to, e.g. industry water in one 

step possible. 

6.2.2 Modification of ceramic NF membranes with better anti-fouling abilities 

Rapid adsorption of organic foulants onto (catalyst pre-coated) ceramic NF membranes at the 

beginning of filtration with a fouling solution has been found to play a key role in an initial permeance 

decline, leading to a considerable reduction in water production (Chapter 4). It remains, however, 

yet unknown what type of surface interactions result in the rapid adsorption and how it can be 

reduced or avoided during ceramic NF. Therefore, identification of the key surface interactions 

causing the rapid adsorption is still needed. On this basis, during the preparation of catalytic ceramic 

NF membranes, nano-engineering methods for modifying the surface (e.g. functionality) of the 

membranes, in order to reduce the adsorption capabilities of the membranes toward foulants, should 

be studied. As an example, recent research reported that grafting the surface of ceramic NF 

membranes with non-polar functional groups (e.g. methyl, phenyl and propyl groups) could reduce 

adsorption of organic matter onto the membranes, while, in the meantime, substantially decreasing 

the permeance of the membranes (Mustafa et al., 2016a; b; Mustafa et al., 2014). 

6.2.3 Improvement of stability of catalysts on/in ceramic NF membranes 

By pre-coating ceramic NF membranes with an FeOCl catalyst layer through a crossflow pre-filtration 

method, around 15% of the particles leached from the pre-coat layers after five one-day 

filtration/cleaning cycles (Chapter 5). As a result, the pre-coat layer, even without chemical bonding 

to the membrane surface, was able to resist hydraulic scouring to a large extent caused by a cross 

flow during filtration. However, the reason for that has not been answered in this thesis, which makes 

it hard to know how to optimize the pre-coating processes for obtaining a more hydraulically stable 

pre-coat layer on the membranes. Therefore, the resistance of the pre-coat layer on the membranes 

against hydraulic scouring during crossflow filtration needs to be further studied in terms of possible 
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influencing factors, such as sizes and geometric shapes of catalyst particles and operational 

conditions (e.g. transmembrane pressures and crossflow velocities) during pre-coating. In addition, 

to further improve the stability of catalysts on/within ceramic NF membranes, methods for 

immobilizing the catalysts on the surface and/or within the pores of the membranes should be 

studied. 

6.2.4 Development of catalytic ceramic NF membrane reactors 

During ceramic NF of surface water, a fraction of organic molecules (about 10%) passed through the 

membrane, and the rejection of salts (measured as conductivity) was also low (<30%) (Chapter 5). 

Therefore, for further enhancing the removal of small-sized organics, which can penetrate the 

membrane, catalytic oxidation reactions within the inner pores of the membrane should be 

developed through immobilizing nano-sized Fenton catalysts inside the membrane pores. Based on 

this kind of design of the catalytic ceramic NF membrane reactor, the membrane is expected to 

selectively expose small-sized organics to ●OH radicals within the pores under confinement, while 

rejecting large-sized organic molecules and/or colloids on the surface of the membrane (Zhang et al., 

2021). This may broaden the application of the catalytic ceramic NF membrane for advanced 

treatment of organic pollutants (e.g. organic micropollutants).  
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