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Propositions accompanying the dissertation 

Coat to Constrict: Silicon carbide coatings on alumina membranes by low-pressure chemical 

vapor deposition to enhance durability and performance 

Asif Jan 

 

1. Low-pressure chemical vapor deposition (LP-CVD) provides a controllable method to 

deposit thin functional coatings on selective layers of ceramic supports, offering a compelling 

alternative to high-temperature multi-step sol-gel fabrication of full selective layers (this 

thesis). 

2. LP-CVD at temperatures of 860°C yields robust silicon carbide (SiC) coatings on alumina 

(Al2O3) supports that retain their pore structure and permeance after 200 hour of sodium 

hypochlorite exposure (this thesis). 

3. The chemical robustness of SiC coated membranes facilitate their applications in oxidative 

and corrosive water treatment scenarios where polymeric membranes fail (this thesis).  

4. Combining LP-CVD and atomic layer deposition can potentially offer next-generation 

ceramic membranes with physical chemical stability and sub-nanometer precision in pore 

structure with uniform pore size distribution (this thesis). 

5. Ceramic membranes that combine size exclusion and electrostatic mechanisms are essential 

to treat complex wastewater streams. 

6. Achieving circularity is central to sustainable wastewater treatment technologies. 

7. Industrial wastewater streams represent an under-utilized resource for water reclamation and 

resource recovery.  

8. The intersection of materials science and environmental engineering drives the development 

of robust separation technologies. 

9. Like a membrane that undergoes periodic backwash to shed fouling layers and restore flux, 

life demands retrospection to clear obstructions of past and regain clarity.  

10. Being a Pakistani in the West often feels like a sealed novel with a striking cover - judged 

by its appearance before anyone reads the first page.  
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Summary 

Stringent industrial wastewater discharge regulations and rising energy costs demand industries 

to shift to sustainable water treatment technologies. The conventional physical-chemical 

wastewater treatment processes struggle to separate inorganic ions and emulsions. While 

polymeric membranes have limited mechanical, thermal and chemical stability. Ceramic 

membranes, and in particular silicon carbide (SiC) membranes, have emerged as promising 

alternatives due to their mechanical strength, thermal resilience, resistance to fouling, low 

isoelectric point, and super hydrophilicity. However, fabricating both SiC membrane supports 

and the selective layers require sintering temperatures of ca. 2100°C, with consequent high 

energy consumption. Additionally, preparing a SiC selective layer requires multiple coating 

and sintering cycles, which hinder precise pore size control and economic feasibility. 

To address these limitations, this thesis explores low-pressure chemical vapor deposition (LP-

CVD) as a route to coat commercially available alumina (Al2O3) supports by SiC at moderate 

temperatures to replace full SiC membranes.  

Through a comprehensive review of CVD for membrane surface engineering the importance 

of operational conditions to produce highly conformal and adhesive coatings has been 

emphasized.  Knowledge gaps in exploring the full potential of CVD to tailor pore size and 

surface functionality of membranes have been identified, such as, unavailability of deposition 

reactors compatible with tubular and flat-sheet membranes, lack of in-situ diagnostic tools to 

monitor pore size evolution, and limited exploration of coating conditions and materials. 

Then the fabrication of SiC coated Al2O3 ultrafiltration (UF) membranes in two different LP-

CVD operational conditions, 750°C and 600 mTorr for 60 min (SiC-7), 860°C and 100 mTorr 

for 30 min (SiC-8), respectively, have been presented to assess the influence of temperature 

and pressure on coating quality and stability. By adjusting the deposition time, comparable SiC 

coating thicknesses (ca. 9 µm) were achieved, enabling a systematic evaluation of membrane 

characteristics. Following a 200 hour exposure to sodium hypochlorite, SiC-8 retained its initial 

permeance and pore structure, whereas SiC-7 coatings deteriorated and lost permeance entirely. 

These results demonstrate that higher deposition temperatures produce highly adhesive and 

robust SiC coatings that can undergo multiple harsh oxidative cleaning cycles. 

 In the following the optimized deposition conditions to a nominally 20 nm (actual ca. 13 nm) 

Al2O3 UF support have been applied to test the limits of LP-CVD. A 38 minute deposition 

narrowed the mean pore diameter to ca. 7 nm. However, longer deposition times resulted in 

pore clogging. This highlights the limitation of LP-CVD in fabricating nanofiltration (NF) 

membranes. Filtration experiments with sodium sulphate (Na2SO4) feeds revealed that at low 



 

ionic strength of 2mM, the strongly negative SiC coated Al2O3 membrane (zeta potential ca. -

67 mV at pH 7) achieved ca. 79% sulphate ion (SO4
2-) rejection via Donnan exclusion and 

electrical double layer overlap within the membrane pores. At higher ionic strength of 20mM, 

contraction of the electrical double layer within in the membrane pores led to a significant 

decrease of SO4
2- rejection underscoring the interplay between pore size, surface charge, and 

feed chemistry in anion separation. 

As an alternative to transcend LP-CVD’s pore narrowing limits to achieve NF membranes, 

therefore, atomic layer deposition (ALD) as a complementary technique has been introduced. 

ALD’s sequential, self-saturating surface reactions deposit one monolayer per cycle with 

atomic-scale thickness control and exceptional conformality on any support (ceramics, 

polymers, or powders). The applications of ALD over the past decade have been reviewed, 

demonstrating how ultrathin coatings can refine the pore size without sacrificing permeance 

while also enabling surface functionalization and catalytic integration in adsorbents, ceramic 

and polymeric membranes.  

The thesis thus demonstrates the feasibility of LP-CVD as a scalable and moderate temperature 

method for fabricating durable SiC coated Al2O3 UF membranes. The as-prepared membranes 

show promising SO4
2- retention and exceptional stability in oxidative cleaning solutions. 

Moreover, by integrating ALD for preparing NF membranes, groundwork has been provided 

for next generation ceramic membranes that can meet stringent wastewater treatment needs.            
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Chapter 1 Introduction 

Abstract 

Industrial expansion and population growth have led to complex wastewater streams that 

conventional treatment processes often fail to adequately treat. Ceramic membranes have 

emerged as a promising solution due to their superior mechanical strength, thermal stability, 

and chemical resistance. Among these, silicon carbide (SiC) membranes offer exceptional 

thermal stability, super-hydrophilicity, and low isoelectric point, leading to high permeability 

and reduced fouling. Despite these advantages, traditional routes for fabricating SiC 

membranes present challenges, including high sintering temperatures, multiple deposition 

steps, and environmental concerns related to toxic solvent use. This chapter introduces low-

pressure chemical vapor deposition (LP-CVD) as a promising technique for coating ceramic 

membrane supports, e.g. alumina (Al2O3), with SiC. The motivations for exploring LP-CVD 

along with broader objectives of achieving robust and high-performing membranes for 

wastewater treatment are outlined. Furthermore, the chapter briefly situates atomic layer 

deposition (ALD) as a complementary method for fine-tuning membrane properties to the 

nanofiltration (NF) range. Through a clear outline of the thesis organization, this introduction 

establishes the groundwork for subsequent chapters that explore material synthesis, membrane 

performance, and future advancements in SiC-based membrane technologies for wastewater 

treatment. 
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1.1 Research problem from a global perspective 

The industrial revolution has been marked by rapid industrial and population growth. All the 

industrial processes use water as a raw material which is then ultimately discarded as 

wastewater. Furthermore, the population boom has resulted in increased water demand. 

According to the United Nations World Water Development report, the global freshwater usage 

has been increased by six-fold over the past century [1]. Therefore, sustainable treatment of 

wastewater is imperative. 

The conventional physical-chemical wastewater treatment processes, such as coagulation, 

flocculation, and sand filtration, are often ineffective in removing dissolved heavy metals (e.g., 

Pb2+, Cd2+, As3+), emerging micropollutants (e.g., pharmaceuticals, pesticides), viruses, and oil 

water emulsions [2-4]. The complex nature of wastewater, therefore, requires improved 

processes with high efficiency and low energy inputs.    

1.2 Ceramic membranes 

A ceramic membrane is a porous physical barrier between two phases, i.e. the feed stream and 

the permeate stream, respectively, through which one type of a substance can pass more readily 

than the others [5]. A driving force, such as pressure difference, induces a water flux from the 

feed stream to the permeate stream, separating the target substances (Fig. 1.1). The 

performance of a ceramic membrane is gauged by permeability and selectivity. Permeability 

determines the volume of permeate stream passing through the membrane as a function of 

applied pressure, and selectivity determines the rejection percentage of a target substance by 

membrane. An ideal ceramic membrane would have both a high permeability and selectivity. 

However, in practice ceramic membranes exhibit a trade-off between the two variables. 

INTRODUCTION 11

1



 

 

Figure 1.1. Schematic representation of a ceramic membrane and membrane types. 

Polymeric membranes are the competitors of ceramic membranes. They have currently the 

highest market share due to low manufacturing costs, and various polymeric membranes are 

available for a variety of separation applications [6]. However, some advantages, such as high 

mechanical strength, high thermal stability, narrow pore size distribution, long service life, 

higher hydrophilicity, and the potential to be recycled as a raw ceramic material [7-11], 

provided by ceramic membranes over polymeric membranes can outweigh the upfront high 

manufacturing costs. In addition, ceramic membranes have a low propensity towards reversible 

and irreversible fouling [12]. Furthermore, ceramic membranes can be cleaned with harsh 

chemicals and backwashed at higher pressures during cleaning of the membrane [13], which 

could guarantee a service life of approximately 15 years or more. Thus, leading to lesser down-

time and lower operational costs due to less frequent membrane replacements.           

1.3 A negatively charged ceramic membrane: Silicon Carbide 

SiC membranes offer even better thermal, chemical, and mechanical properties for wastewater 

treatment applications than the more conventional Al2O3 ceramic membranes  [14]. 
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Furthermore, in comparison with conventional ceramic membranes, SiC membranes are super-

hydrophilic and possess a low isoelectric point (in pH range of 2.3-3.5 with the presence of 

thin silica layer at the surface of SiC) [15, 16]. These characteristics of the SiC membranes 

could lead to a high permeability and low fouling susceptibility [17]. Therefore, they have the 

potential for a range of applications in treatment of wastewater with varying temperature, 

pressure, and pH gradients.    

1.4 Limitations in preparing SiC ceramic membranes 

SiC membranes comprise of a SiC layer (selective layer) deposited on a porous support. The 

porous support gives mechanical integrity to the membrane layer, and the selective layer is 

responsible for sieving properties of the membrane [18]. Although efforts have been made to 

develop fully SiC-based membranes, challenges such as higher production costs and limited 

control over pore size control remain significant limitations [19, 20].  

Usually the SiC selective layer is prepared by sol-gel methods. These methods involve: (i) a 

sol-step in which a liquid precursor solution, containing dispersed nanoparticles/molecular 

precursors, forms a stable colloidal suspension; and (ii) a gel-step in which the suspension 

undergoes gelation due to sintering/pyrolysis to form a solid structure. The most commonly 

reported methods in literature are deposition of colloidal suspensions and deposition of pre-

ceramic polymeric precursors [15]. These methods, however, have the following limitations: 

• The covalent nature of bond between silicon (Si) and carbon (C) requires high sintering 

temperatures of ca. 2100°C [21]. 

• To prepare a SiC selective layer with a small pore size, several layers of the solution 

need to be coated with individual sintering step, thus driving the production costs up 

and decreasing water permeability [22]. 

• It is difficult to prepare SiC membranes with a high porosity and narrow pore size 
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distribution for ultrafiltration (UF) and NF applications due to the difficulties in 

preparing homogeneous suspensions of SiC powder [23]. 

• There is shrinkage of structure during repetitive sintering/pyrolysis, thus making it 

difficult to produce defect-free selective layer with controlled thickness [24].  

• Organic solvents utilized in preparation of suspensions can cause environmental issues 

due to toxicity [25]. 

1.5 Research questions: Rethinking the preparation of SiC membranes 

In order to tackle the limitations of the aforementioned sol-gel deposition of SiC on ceramic 

support membranes the overall objective of this thesis is to explore LP-CVD to prepare SiC 

coated membranes. Al2O3 supports were used and the deposition conditions were varied to 

obtain robust SiC coated Al2O3 membranes. Subsequently, the performance of the SiC coated 

Al2O3 membranes was tested for sulphate ion (SO4
2-) retention. 

To achieve this objective the following research questions were formulated: 

• What are key findings in literature regarding LP-CVD modification of ceramic 

membranes for wastewater treatment? 

• How to prepare chemically robust SiC coated Al2O3 membranes using the available LP-

CVD setup? 

• What is the smallest pore size achievable for SiC coated Al2O3 membranes by LP-CVD, 

and what is the SO4
2- retention?  

• How can the limitations of LP-CVD in preparing ceramic nanofiltration membranes be 

overcome by ALD?  

1.6 How to read this thesis 

The outline of the thesis is shown in Fig. 1.2. 
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Figure 1.2. Layout of the thesis. 

LP-CVD could facilitate the deposition of SiC on membranes. Chapter 2 discusses: (i) 

fundamentals of CVD; (ii) key parameters influencing a CVD process; and (iii) the literature 

available for the pore size and surface charge modification of various supports by CVD.  

In chapter 3, SiC was coated on an Al2O3 microfiltration (MF) membrane to obtain SiC UF 

membrane. SiC was coated at two distinct regimes of temperatures and pressures to investigate 
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the physical and chemical properties of the deposit. Deposition times were varied in both 

regimes to achieve a similar thickness of the coating for comparison purposes. Subsequently, 

the chemical stability of the resultant SiC coated UF membrane was evaluated in a membrane 

cleaning medium, for example, sodium hypochlorite (NaClO).   

In Chapter 4, the limits of LP-CVD for membrane modification are discussed. The ideal 

deposition conditions were chosen from chapter 3, and SiC was coated on an Al2O3 UF 

membrane to achieve the smallest pore size. The performance of the as-prepared SiC coated 

tight-UF membrane was tested by measuring SO4
2- rejection.   

Chapter 5 presents a sister technology of LP-CVD, i.e. ALD, that can be used to narrow down 

pore sizes to NF range. The fundamentals and application of ALD for modification of ceramic 

membranes, as well as polymeric membranes and adsorbents for wastewater treatment 

applications are discussed.    

Chapter 6 critically assesses the materials and methods developed in chapter 2-5. A 

perspective has been provided on the work performed in this thesis, and potential research 

directions are identified and discussed.  
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Chapter 2
Literature review of chemical vapor  
deposition for ceramic membranes



 

Chapter 2 Literature review of chemical vapor deposition for ceramic 

membranes 

Abstract 

Chemical vapor deposition (CVD) has the capability to modify membranes for wastewater 

treatment applications. This chapter reviews the fundamental principles and recent advances in 

CVD for polymeric and ceramic membranes modification. It discusses how process parameters, 

such as temperature, pressure, and deposition time, influence morphology and adhesion of the 

coating. This chapter also introduces initiated CVD (iCVD) as a low-temperature alternative for 

modifying polymeric membranes. By evaluating current literature, this chapter underscores the 

need for optimized CVD conditions to tailor membrane properties for enhanced operational 

performance in wastewater treatment applications.  
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2.1 Introduction 

CVD is a versatile and widely used technique for the synthesis and deposition of materials in 

various forms, including coatings (thin films), powders, and single crystals [1]. This process 

involves the deposition of a solid material from vapor-phase reactants onto a heated substrate, 

where chemical reactions either occur near the substrate or directly on its surface, depending on 

the reaction conditions [2]. The adaptability of CVD enables its application across a broad range 

of materials and substrates, from simple flat surfaces to complex geometries, making it 

indispensable in many fields of application, including electronics, optics, and membrane 

technology [3]. 

One of the key advantages of CVD over physical vapor deposition (PVD) techniques lies in its 

ability to achieve conformal coatings on substrates with intricate geometries and high aspect ratios. 

PVD methods, such as sputtering, evaporation, and ion plating, operate based on three principal 

steps: (1) vaporization of a solid or liquid source to create vapor phase species, (2) transport of the 

vapor species to the substrate via line-of-sight, and (3) condensation and growth of the film on the 

substrate surface [4]. The reliance on line-of-sight transport makes PVD less effective for coating 

substrates with complex shapes. Additionally, PVD processes typically require high vacuum 

environments to maintain uninterrupted transport of vapor phase species, as collisions between 

these species in the gas phase can lead to ionization and the formation of plasma, altering the 

deposition dynamics. 

In contrast, CVD offers significant flexibility, as it is not restricted by line-of-sight requirements 

and can be performed under high vacuum to atmospheric pressure. This allows for the uniform 

deposition of high-quality films on complex geometries and porous structures. CVD's ability to 

achieve highly conformal coatings, even on substrates with intricate porosities, makes it 
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particularly suitable for applications such as membrane modification for water treatment, where 

the performance of the membrane is dependent on the precise control of surface properties [5]. 

CVD has a rich historical background, with its first known application dating back to the 1880s, 

when it was used to deposit carbon coatings to strengthen the filaments of incandescent lamps. 

Since then, its applications have expanded to include a wide range of coatings for corrosion 

resistance, thermal protection, electrical conductivity, diffusion barriers, and microelectronic 

device fabrication. The breadth of CVD applications is largely attributable to its capacity to deposit 

materials from nearly all elements of the periodic table, either in their elemental form or as 

complex compounds [6]. This versatility underpins CVD's widespread use across numerous 

industries, from microelectronics and aerospace to energy and environmental technologies [7]. 

This chapter focuses on the fundamental principles of CVD, outlining the working mechanism, 

process parameters, and various CVD techniques used for the modification of membranes. 

Emphasis will be placed on the role of CVD in tailoring membrane surfaces and pore structures to 

optimize filtration performance for (waste)water treatment applications. The chapter will also 

explore the specific advantages of CVD in creating selective layers on ceramic membranes, 

enhancing their permeability, selectivity, and long-term stability in challenging operating 

environments. 

2.2 Key steps in a CVD process: Target material selection and reaction dynamics 

The CVD process begins with the identification of the material to be deposited, known as the target 

material. The next critical step is to determine the chemical reaction responsible for synthesizing 

the target material. In CVD, these reactions are inherently heterogeneous, involving a phase 

transition from gaseous precursors to a solid product [8]. Common reactions facilitating this phase 

change include thermal decomposition, reduction, oxidation, nitridation, carburization, and 
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hydrolysis. Each reaction must be carefully selected based on the chemical nature of the target 

material and the desired properties of the deposited film. Once the appropriate reaction pathway is 

identified, the precursors and deposition conditions (such as temperature and pressure) are selected 

to deposit the target material [9]. CVD relies on the precise control of these parameters to ensure 

film formation, uniformity, and adhesion to the substrate. 

The deposition process takes place within a CVD chamber, typically a high-temperature furnace 

where temperature and pressure are meticulously regulated. High-purity precursors, often in liquid 

or solid form, are stored in containers outside the chamber. Prior to deposition, these precursors 

are volatilized and introduced into the chamber through a system of gas lines, with gas flow rates 

carefully controlled to maintain optimal reaction conditions [2]. The sequence of events 

completing a CVD reaction are summarized as follows (see also Fig. 2.1): 

1. Forced flow of reactant gases into the chamber. 

2. Mass transport of reactant species to the vicinity of the substrate. 

3. Diffusion of reactant species through boundary layer to substrate surface. 

4. Adsorption of species on the surface of substrate. 

5. Heterogeneous reaction to form the target material and by-products. 

6. Desorption and diffusion of by-products through boundary layer into the bulk gas; 

7. Removal of by-products from the chamber via exhaust. 
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Figure 2.1. Schematic representation of CVD sequence of events. 

The deposition conditions, particularly temperature and pressure, play a critical role in determining 

the structural, morphological, and adhesive properties of the deposited material [1]. These 

parameters influence the growth rate, crystallinity, and density of the deposited film [10]. 

Moreover, the rate at which deposition occurs can be limited by one of two factors: surface-

reaction kinetics or mass transport. At relatively low temperatures (e.g. 650-850°C) and sub-

atmospheric pressures, the deposition rate is predominantly controlled by surface-reaction kinetics. 

In contrast, when temperature exceeds approximately 900°C and process operates at atmospheric 

pressure, mass transport of reactant species across a thick boundary layer becomes the limiting 

factor [11]. The transition between these two regimes, kinetically-limited and mass-transport-

limited, occurs gradually through a transition zone where both mechanisms may exert influence 

[12]. Careful optimization of the deposition parameters (temperature and pressure) is essential to 

maximize film uniformity, adhesion, and overall material properties, especially in applications 
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where membrane performance is critical for selective filtration of target substances in membrane 

systems. 

2.3 Critical parameters influencing the CVD process for membrane coating 

The CVD process is highly dependent on key operational parameters, such deposition time, reactor 

temperature, and total pressure. These factors collectively influence the morphology, chemical 

composition, and mechanical properties of the coated material [13]. Furthermore, the deposition 

mechanism in CVD can involve either surface reactions, gas-phase reactions, or a combination of 

both. To limit the extent of gas-phase reactions, and thus reduce undesirable particle formation or 

non-uniform coatings, strategies such as lowering the precursor partial pressures, optimizing 

reactor temperature, and controlling flow rates are often employed [14]. These adjustments which 

relate directly to key operational parameters help ensure more uniform surface-controlled 

deposition.  

Effective regulation of aforementioned process parameters enables the fine-tuning of deposition 

mechanisms, allowing for the synthesis of materials with specific properties tailored to the 

application. Optimizing these parameters is particularly critical when depositing thin films on 

porous ceramic membranes, where achieving uniform and conformal coatings is a key requirement 

for enhancing membrane performance [3].  

In this section, the most important parameters that govern the CVD process are defined and their 

impact on the deposition mechanism is discussed.  

2.3.1 Influence of deposition time on film growth and membrane properties  

Deposition time plays a pivotal role in determining the final thickness of the coating, particularly 

when dealing with porous substrates as membranes [10]. As the deposition progresses, the 

thickness of the coating increases, and the effective pore size of the membrane decreases. Selecting 
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an appropriate deposition time is thus critical for achieving uniform growth, while preventing 

excessive pore clogging, which can significantly impair membrane performance [15, 16]. 

In the case of porous substrates as membranes, controlling the deposition time becomes even more 

complex due to the inherent difficulties in accurately measuring the thickness of coatings on 

irregular surfaces. To circumvent this challenge, Si wafers are often placed alongside porous 

substrates during the CVD process. Si wafers provide a flat and uniform reference surface, 

allowing for precise measurement of coating thickness using techniques such as ellipsometry or 

X-ray reflectometry (XRR) [5]. These measurements serve as an approximation for the deposition 

on the membranes, offering valuable insights into the rate of film growth and ensuring that the 

deposition conditions are as optimal as possible for the desired membrane properties. 

2.3.2 Impact of deposition temperature on membrane structure and performance 

Deposition temperature is also a key determinant in controlling the structural and morphological 

characteristics of coatings produced by CVD. The temperature governs critical attributes of the 

coated layer, including crystallinity, microstructure, adhesion strength, and surface morphology 

[17, 18].  

Higher deposition temperatures (above 900°C) facilitate the formation of crystalline phases [19, 

20]. The resultant crystalline coatings exhibit a high mechanical strength and chemical durability, 

traits that are essential for the operational robustness of membranes in harsh filtration 

environments. In contrast, lower deposition temperatures (650-850°C) often lead to the formation 

of amorphous coatings with a rough surface morphology [21]. Such increased roughness results in 

a large surface area, and it may create additional sites for particle adhesion, potentially leading to 

fouling and affecting membrane’s performance.  
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Additionally, the adhesion strength of the coating is also temperature-dependent. Elevated 

temperatures can enhance interfacial bonding between the coated layer and the substrate, leading 

to improved coating adhesion [22]. Conversely, deposition at suboptimal temperatures may result 

in poor coating-support interactions, which can lead to delamination or mechanical failure under 

mechanical or chemical stress during filtration [23]. Although elevated temperatures (above 

900°C) generally produce crystalline and adhesive coatings, excessively high temperatures may 

induce thermal stresses or increase the likelihood of microcracking. Therefore, achieving an 

optimal balance between deposition temperature and coating adhesion is crucial for ensuring the 

long-term stability of membranes under varying filtration conditions. 

2.3.3 Role of deposition pressure in controlling pore structure and film density 

 Deposition pressure during the coating process by CVD significantly influences the mass transport 

of reactant species, the pore structure of the membrane, and the density of the resulting coating 

[24]. Pressure controls the mean free path of the gas-phase reactants and the thickness of the 

boundary layer that forms at the support surface during deposition, both of which are key factors 

in determining coating morphology and uniformity. However, this parameter has not been explored 

in the literature.   

 At elevated atmospheric pressures, the mean free path of the reactant molecules is reduced, leading 

to increased gas-phase collisions and the formation of a thicker boundary layer at the support 

surface. This thicker boundary layer hinders the diffusion of reactant species to the support, 

resulting in lower film growth rates [12]. Consequently, high-pressure CVD tends to produce dense 

coatings, which may be advantageous for applications requiring impermeable or highly selective 

membranes. 
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Conversely, operating at lower deposition pressures (below atmospheric pressure) increases the 

mean free path of the reactant molecules, thereby enhancing the diffusion of these species through 

the gas phase and into the support's pore network. In the context of porous substrates as 

membranes, low-pressure CVD is thus particularly beneficial, as it promotes deeper penetration of 

the reactants into the pore structure, leading to more uniform coating of the internal surfaces [25]. 

This improves the overall membrane functionality by minimizing the risk of pore blockage and 

ensuring that the coating retains sufficient permeability while maintaining structural integrity. 

However, a delicate balance must be achieved between pressure, pore accessibility, and coating 

density. Excessively low pressures may result in non-uniform coatings with poor adhesion, 

compromising the membrane’s mechanical properties and long-term stability. Therefore, 

optimizing deposition pressure is essential for controlling the interplay between pore structure and 

coating density.  

2.4 Polymeric membrane modification by CVD 

Polymeric membranes, due to their sensitivity to elevated temperatures and pressures, present 

unique challenges in surface modification. Their thermal and mechanical fragility limits the 

applicability of conventional high-temperature CVD processes. To address these challenges, 

initiated chemical vapor deposition (iCVD) has been developed as a solvent-free polymerization 

method that operates at lower temperatures (20-80°C), thereby enabling surface modifications 

without compromising the integrity of polymeric membranes [26]. iCVD is a low-temperature, 

solvent-free method for the deposition of polymeric coatings. In this process, a free-radical 

polymerization reaction is initiated by radicals formed through the thermal decomposition of an 

initiator. The sequence of events in the  iCVD process are as follows: 

1. Forced flow of precursors (initiators and monomers) into the chamber. 
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2. Decomposition of initiators by a heated filament to form radicals. 

3. Adsorption of monomers onto a cooled substrate surface. 

4. Mass transport of free radicals to react with monomers on the cooled substrate surface. 

5. Surface polymerization to form a polymeric coating. 

The iCVD process is distinct from other CVD methods due to its low filament temperature 

(typically between 150–300°C), which prevents the fragmentation of monomers [27, 28]. 

Furthermore, the support temperature during iCVD remains within a low range of 20–80°C, using 

water as a coolant, making it particularly suitable for the deposition of coatings on thermally 

sensitive polymeric membranes [29-31]. This low-temperature operation ensures the preservation 

of polymeric membrane properties, while allowing for precise control over the thickness and 

uniformity of the deposited coating. 

The application of iCVD for polymeric membrane modification has demonstrated promise in 

enhancing the performance and durability of membranes, particularly for water treatment 

applications. In recent years, iCVD has been leveraged to create selective layers on polymeric 

membranes, improving their fouling resistance, permeability, and surface properties without 

altering their inherent structure [32]. 

Yang et al. pioneered this approach by depositing a 600 nm coating of Poly(DMAEMA-co-SPMA-

co-EGDMA) onto a reverse osmosis membrane [33]. The coating was conformally deposited on 

the membrane surface without penetration into the membrane’s pores. This surface modification 

endowed the membrane with high fouling resistance, effectively mitigating the adverse effects of 

organic foulants, such as humic acid, sodium alginate, and bovine serum albumin. It is important 

to note that the inherent solute rejection performance of the membrane is determined by its original 
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selective layer. The polymer coating, whereas, functions solely to reduce fouling and thereby 

maintain operational efficiency over time.  

Building on this foundation, Matin et al. explored the iCVD modification of thin-film composite 

polyamide reverse osmosis membranes by coating a copolymer film of 2-hydroxyethyl 

methacrylate and perfluorodecyl acrylate [34]. The modified membranes also exhibited an 

enhanced fouling resistance towards sodium alginate. The polymeric coatings created by iCVD 

are highly uniform, ensuring that the intrinsic permeability of the membrane is not compromised 

while introducing fouling-resistant properties. 

The versatility of iCVD in modifying both organic and inorganic substrates is further highlighted 

by the work of Cong et al., where poly(1H,1H,2H,2H-PFDA) was coated onto Al2O3 membranes 

[35]. This iCVD modification converted the hydrophilic Al2O3 surface into hydrophobic. 

Interestingly, while the deposition process improved permeate flux and salt rejection (99%) in 

desalination applications, it was challenging to determine whether the polymeric coating was 

deposited solely on the surface or had penetrated the membrane's pores. Despite this ambiguity, 

the Al2O3 membranes exhibited an increase in the permeate flux as a function of feed temperature, 

and showed salt rejection rates of 99% over continuous operation of 16 hours. This illustrates the 

potential of iCVD for creating highly selective and durable filtration systems. 

Collectively, these studies demonstrate the transformative potential of iCVD in membrane 

modification. By enabling the coating of thin polymeric films at low temperatures, iCVD addresses 

critical challenges in polymeric membrane technology, particularly for applications requiring 

delicate balancing between permeability, fouling resistance, and mechanical stability. Additionally, 

it offers a route to prepare solvent-free polymeric coatings. As research continues to advance, the 
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scalability of iCVD and its long-term performance in industrial settings will determine its broader 

applicability in membrane-based filtration technologies.  

2.5 Ceramic membrane modification by CVD 

 While the application of CVD in gas separation ceramic membranes has extensively been studied, 

its use in the modification of ceramic membranes for (waste)water treatment remains relatively 

underexplored. However, recent pioneering studies highlight the promising potential of CVD 

techniques for this purpose [36]. Ceramic membranes, due to their inherent high-temperature 

stability and chemical resistance, provide an ideal support for CVD-based surface modification, 

with materials such as alumina (Al₂O₃), titanium dioxide (TiO₂), and zirconium oxide (ZrO₂) being 

the most frequently utilized. These materials allow for the deposition of a coating layer on 

membrane’s selective layer, thus transforming the membrane’s surface characteristics to enhance 

performance in filtration processes.  

Lin et al. (1993) initiated one of the earliest studies focusing on pore size modification of ceramic 

membranes using CVD [37]. Their theoretical and experimental analysis demonstrated that pore 

size reduction could effectively be achieved by tailoring the CVD process parameters, specifically 

by aligning the deposition rate with the membrane’s pore volume. Although this study has not 

directly assessed changes in permeance, it has laid foundational guidelines for optimizing CVD 

processes to coat the  selective layer  of ceramic supports. Their work has also highlighted the 

importance of selecting ceramic membrane supports with uniform pore size distributions to ensure 

uniform pore size reduction. In addition, they have found that the process conditions have to be 

adjusted in such a way that the pore narrowing rate should be proportional to the pore size of the 

membrane to ensure homogeneous pore narrowing across the membrane surface. 
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Athanasekou et al. have made progress by coating TiO2 onto gamma-Al2O3 UF tubular 

membranes, thereby creating photocatalytic NF membranes [38]. By carefully modulating the 

deposition conditions, they ensured a uniform TiO2 layer that coated both the surface and the pores 

of the membrane. The resulting membranes, in comparison with uncoated membranes, exhibited 

a 1.3 times greater rejection efficiency for methyl orange while maintaining a stable permeance. 

Chen et al. have extended these findings by preparing SiC UF membranes through LP-CVD 

deposition onto Al2O3 MF membranes [5]. Their results have revealed a clear trend: both pore size 

and permeance decreased as deposition time increased,  underscoring the importance of deposition 

time as a critical parameter in controlling the thickness of the coating, and thus, the filtration 

performance of CVD-modified membranes. 

Miao et al. have taken a different approach by employing ion impregnation and CVD to deposit 

carbon nanotubes on flat Al2O3 membranes [39]. This modification altered the membrane's surface 

characteristics, converting it into a highly hydrophobic material with a reduced pore size. The 

introduction of carbon nanotubes via CVD not only minimized pore dimensions but also imparted 

hydrophobicity to the membrane, severely restricting permeance under certain operating 

conditions (e.g., nitrogen pressure at 0.5 bar). The study demonstrated the ability of CVD to 

drastically alter the wettability of ceramic membranes, though the results indicated that fine-tuning 

the deposition parameters is crucial to balance hydrophobicity with permeance. 

These early studies, though relatively limited in scope, reveal the versatility and transformative 

potential of CVD in ceramic membrane modification. The ability to impart specific properties, 

such as photocatalytic activity, hydrophobicity, and pore size reduction, through coating of 

selective layer paves the way for future innovations in (waste)water treatment technologies. As 

research progresses, optimizing CVD techniques for ceramic membranes is likely to become a key 
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focus, enabling the development of more efficient and robust filtration systems tailored to complex 

industrial water treatment challenges. 

2.6 Conclusions and future outlook 

In this chapter CVD techniques were reviewed for modifying polymeric and ceramic membranes 

for water treatment applications. For ceramic membranes, low-pressure CVD variants have 

demonstrated capacity to uniformly coat the selective layer that, consequentially improves 

selective layer’s performance while maintaining a proper permeance of the membrane. However, 

the ability of iCVD to operate at low temperatures has shown significant promise for polymeric 

membranes, particularly in enhancing fouling resistance and surface properties without 

compromising structural integrity. 

Despite these advancements, further work is needed to optimize deposition parameters and fully 

realize the potential of CVD in commercial-scale water filtration processes. The future of CVD-

modified membranes lies in fine-tuning these deposition techniques to address scalability, long-

term durability and performance consistency under diverse operational conditions.  
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Chapter 3 Effect of long-term sodium hypochlorite cleaning on silicon carbide 

ultrafiltration membranes prepared by low-pressure chemical vapor deposition 

Abstract 

Sodium hypochlorite (NaClO) is widely used for chemical cleaning of fouled UF membranes. 

Various studies performed on polymeric membranes demonstrate that long-term (>100hrs) 

exposure to NaClO deteriorates the physicochemical properties of the membranes, leading to 

reduced performance and service life. However, the effect of NaClO cleaning on ceramic 

membranes, particularly the number of cleaning cycles they can undergo to alleviate irreversible 

fouling, remains poorly understood. SiC membranes have garnered widespread attention for water 

and (waste)water treatment, but their chemical stability in NaClO has not been studied. In this 

work, SiC coated UF membranes were prepared by LP-CVD at two different deposition 

temperatures and pressures, and their chemical stability in NaClO was investigated over 200 hours 

of ageing. LP-CVD facilitates preparation of SiC coated membranes at much lower temperatures 

(700-900°C) than sol-gel methods (ca. 2000°C). Subsequently, the properties and performance of 

the as-prepared SiC coated UF membranes were evaluated before and after ageing to determine 

the optimal deposition conditions. Our results indicate that SiC coated UF membrane prepared by 

LP-CVD at 860°C and 100mTorr exhibit excellent resistance to NaClO ageing, while the 

membrane prepared at 750°C and 600mTorr significantly deteriorated. These findings highlight 

the importance of careful selection of LP-CVD conditions for SiC coated membranes to ensure 

their robustness and long-term performance under harsh chemical cleaning conditions.  
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3.1 Introduction 

SiC UF membranes have found widespread applications for industrial (waste)water [1-3], 

produced water [4], grey water [5], and surface water treatment [6]. In addition, they are employed 

as a pre-treatment step prior to reverse osmosis [7] and for pool water filtration in public swimming 

pools [8]. The popularity of SiC UF membranes stem from their ability to provide: (i) high 

permeate fluxes due to their hydrophilic nature; (ii) a high-quality permeate irrespective of 

variation in feed quality; (iii) an excellent hydrothermal stability; (iv) a good stability against 

pressure and pH gradients; and (v) a high porosity and uniform pore size distribution [9-11]. 

Wastewaters consist of a complex mixture of contaminants, including organic matter and colloidal 

particles [12, 13]. These contaminants are susceptible to attach to the membranes’ surface via 

physisorption or chemisorption. In both cases, a significant decline in flux and an increase in trans-

membrane pressure (TMP) has been observed [14-16]. If the physisorption of the contaminants 

can be alleviated by back-washing the membrane, the fouling is called reversible. However, if the 

contaminants are chemisorbed on the membranes’ surface, the fouling is irreversible and chemical 

cleaning must be performed to remove the contaminants and restore membrane flux. Chemical 

cleaning is performed by an aggressive oxidizing chemical, e.g. NaClO, and repetitive chemical 

cleaning results in the degradation of membranes of both organic and inorganic nature [17-19]. 

Consequentially, the permeability and selectivity of the membrane are compromised. 

From the perspective of organic membranes, various studies have been performed on different 

polymeric membranes (polyethersulphone, polyvinylpyrrolidone, polyvinylchloride) to study the 

degradation of membrane properties upon NaClO exposure and the underlying mechanisms 

responsible for degradation. Susanto et al. observed an increase in pure water flux (PWF) of 

polyethersulphone (PES) membranes after exposure to NaClO [20]. Mechanistic analysis of the 
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degradation of PES membranes has also been reported in various studies, and it is concluded that 

the chain scission of PES is responsible for altering membrane properties [21, 22]. In comparison, 

from the perspective of inorganic membranes, the studies on the effect of membrane properties by 

NaClO exposure are scarce. Kramer et al. tested the chemical stability of ceramic ultrafiltration 

and nanofiltration membranes by exposing them to 1% NaClO solution for 100 hours. It was 

observed that the NaClO deteriorated the glass seal at the edges of the membrane and an increase 

in water permeability and molecular-weight cut-off was observed. However, mechanistic insights 

were not provided [18].              

 NaClO is commonly employed for the chemical cleaning of membranes. The highly oxidative 

nature of NaClO can selectively leach out organic, inorganic, and biological fouling and restore 

the primary properties of the membrane [23]. The active species, present in NaClO solution depend 

on the pH of the solution. NaClO dissociates into hypochlorous acid (HOCl) and hypochlorite ion 

(-OCl) depending on the pH.  HOCl is the active species in germicidal activity, and the 

concentration of –OCl determines the cleaning efficiency [24]. The concentration of –OCl is highest 

in the pH range of 10-12 [25]. Therefore, chemical cleaning is usually performed in 

aforementioned pH range. However, these active species can also deteriorate the physicochemical 

properties of the selective layer of the membrane and the  service life of a membrane is then subject 

to the total hours of chemical cleaning with NaClO. In this regard, various studies on polymeric 

membranes have been performed to show that the long-term effects of NaClO cleaning on the 

membrane properties are detrimental [26-28]. However, to the authors’ knowledge, studies on the 

impact of long-term NaClO ageing on SiC UF membranes still lack. 

Therefore in the present work, SiC coated UF membranes were prepared by LP-CVD under two 

different deposition conditions. Subsequently, the effects of accelerated NaClO ageing on the 
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physiochemical properties and performance of SiC coated UF membranes were studied to 

determine the suitable LP-CVD deposition conditions . The chemical robustness of the SiC coated 

UF membranes was investigated by exposing tubular SiC coated UF membranes to 5% NaClO for 

200 hours to simulate long-term ageing. Surface chemical composition, surface morphology, pore 

size, and PWP of the pristine and aged SiC coated UF membranes were scrutinized to gauge the 

chemical robustness of the as-prepared SiC coated UF membranes.       

3.2 Materials and Methods 

3.2.1 Materials & Chemical Agents 

Commercial tubular Al2O3 membranes, obtained from CoorsTek, the Netherlands, were used as 

supports for coating of SiC by LP-CVD. The membranes had an inner diameter of 7 mm, an outer 

diameter of 10 mm, and were 10 cm long (Fig. 3.1). As per suppliers' specifications, the membranes 

consisted of a 100 nm Al2O3 selective layer on a 600 nm macroporous Al2O3 support. Great 

variations were observed for the PWP of the membranes. Therefore, membranes with a PWP of 

ca. 350 L.m-2.h-1.bar-1 were selected for LP-CVD of SiC. 

Commercially available 12.5% NaClO was purchased from Sigma-Aldrich Chemicals (The 

Netherlands). 5% NaClO was prepared by diluting the 12.5% stock solution, and the pH was 

maintained at 12. Deionized water was used to prepare all the solutions. 
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Figure 3.1. Sealed pristine Alumina and SiC coated membranes.  

3.2.2 Low-Pressure Chemical Vapor Deposition 

A hot-wall LP-CVD furnace (Tempress Systems BV, The Netherlands) was used for the coating of 

SiC. The construction of the LP-CVD system is given elsewhere [29]. Precursors used were 

Dichlorosilane (SiH2Cl2) and 5% acetylene (C2H2) in hydrogen (H2) balance for the Si and C 

sources respectively. Ultrapure nitrogen (N2) from a liquid N2 source was employed as purging gas 

in the system. During SiC coating, the membranes were placed longitudinally to the flow of 

precursor gases. 

Deposition conditions were adapted from the study of Morana et al. to obtain a thin amorphous 

SiC coating on and in membranes’ surface [30] and the SiC coating was performed at two different 

temperatures and pressures. Due to difficulties in directly measuring growth rate of SiC coating in 

the pores of the membrane, the SiC growth rate at both conditions was measured on Si wafers with 

ellipsometry. Low-temperature SiC coating (SiC-7) was carried out at a temperature of 750°C, 
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pressure of 600 mTorr, and deposition time of 60 min. High-temperature SiC coating (SiC-8) was 

carried out at a temperature of 860°C, pressure of 100 mTorr, and deposition time of 30 min. Both 

deposition conditions led to same thickness of SiC coating on Si wafers (Table S3.1). Temperature, 

pressure, and deposition time were selected so that a SiC coating of the same thickness was 

obtained for membranes. 

3.2.3 Membranes Accelerated Ageing Procedure 

Before the ageing experiments, the SiC-7 and SiC-8 membranes were soaked in ultrapure water 

for 24 h, and, afterwards, their PWP was measured. For the membrane ageing procedure, dried 

membrane samples were soaked in a 5% NaClO solution in an air-tight container at ambient 

temperature (25±3C) in the dark for 200 h. This corresponds to an exposure dose of 10000 g.hr/L. 

The ageing solutions were replaced every 24 h to avoid variation of concentration and pH with 

time. The aged SiC-7 and SiC-8 membrane are referred to as SiC-7-2A and SiC-8-2A, respectively. 

After 200 h, SiC-7-2A and SiC-8-2A were removed from the 5% NaClO solution, rinsed with 

ultrapure water, and soaked in ultrapure water overnight to remove residual NaClO species before 

characterization and performance analysis. 

3.2.4 Membrane Characterization and Performance Evaluation  

The morphology of the pristine Al2O3, the SiC-7/SiC-8, and the SiC-7-2A/SiC-8-2A membranes 

was observed by scanning electron microscopy (SEM, FEI Nova NanoSEM 450, USA). An energy 

dispersive x-ray (EDX) analyzer coupled with SEM was used to determine the Si atomic 

percentage. Sample preparation for SEM involved breaking the membranes with a hammer to 

obtain a flat specimen which was afterwards sputter coated with gold to increase sample 

conductivity to achieve clear images.  
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The surface chemical composition of the SiC-7/SiC-8 and SiC-7-2A/SiC-8-2A membranes was 

evaluated by X-ray photoelectron spectroscopy (XPS). XPS spectra were obtained using a 

ThermoFisher K-alpha XPS system. Further processing of the XPS spectra was done using 

CasaXPS software. 

The average pore size of the membranes was measured by capillary flow porometry (Porolux 500, 

IBFT GmbH, Germany). FC43 (Benelux Scientific B.V., the Netherlands) was used as wetting 

agent for porometry measurements, and flow and feed pressure were recorded in time. Pore size 

was then calculated using Young-Laplace equation [31]: 

 𝐷𝐷𝐷 𝐷 𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷 𝐷𝐷 𝐷 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷     

where D is the pore diameter of the membrane (m), γ is the surface tension of the wetting liquid 

(N/m), θ is the contact angle of the liquid on the membrane surface (0°), P is the used pressure 

(bar), and SF is the shape factor (SF is 1 based on the assumption that all pores have an exact 

cylindrical shape).  

The PWP of the membranes was measured under constant flux in an in-house built cross-flow 

filtration setup for tubular membranes using deionized water (Fig. 3.2). 

 

Figure 3.2. Cross-flow filtration setup. 
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3.3 Results and Discussion 

3.3.1 Microstructure and Surface Composition of the SiC Coated Membranes 

Surface morphologies of the Al2O3 and SiC coated membranes (SiC-7, SiC-8) were analyzed by 

SEM as shown in Fig. 3.3. The macroporous Al2O3 membrane comprised of randomly oriented 

fine and coarse particles (Fig. 3.3a-b). The discrepancy in shape and size of Al2O3 particles resulted 

in a non-homogeneous surface. The surface of SiC-7 membrane comprised of amorphous SiC 

nodules, and a decrease in porosity was observed in comparison with Al2O3 membrane (Fig. 3.3c-

d). The SiC deposition at 860°C resulted in a continuous dense SiC coating [32], and the decrease 

in porosity was larger than that observed for SiC-7 (Fig. 3.3e-f). Our observations are consistent 

with the LP-CVD growth mechanisms reported previously, i.e. when SiC is deposited on a foreign 

substrate (which in this case is Al2O3), the growth proceeds via the three-dimensional Volmer-

Weber island growth mechanism [33]. At the low-deposition temperature of 750°C, the growth 

kinetics were slow leading to the formation of distinct SiC islands, which subsequently grow into 

SiC nodules, as suggested by Greene [33]. However, at high-deposition temperature of 860°C, fast 

growth kinetics led to coalescing and growth of SiC nodules to form a homogeneous and 

continuous coating [34, 35]. The intrinsic stress, introduced due to either deposition conditions or 

mismatch in thermal coefficients between support and coating, is greatly reduced by the transition 

in morphology of SiC from nodules to a continuous coating [36]. Consequentially, the growth of 

continuous SiC coating will properly shield the Al2O3 particles and hence the interfacial energy 

between Al2O3 substrate and SiC coating will be minimized [37], leading to the enhancement of 

adhesion strength between the SiC coating and the Al2O3 support.  
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Figure 3.3. Surface morphology analysis by SEM of (a-b) pristine alumina membrane; (c-d) SiC-

7 membrane; and (e-f) SiC-8 membrane. Red circles highlight the difference in porosities. 

XPS was performed to study the elemental makeup of the SiC coated membranes’ surface. Fig. 

3.4a-b presents the Si 2p XPS spectra of the SiC-7 and SiC-8 membranes. In both cases, the Si 2p 

peaks were deconvoluted into four peaks, confirming the presence of Si both in the form of oxides 

(SiOx) and carbides (SiCx) [38, 39]. The presence of the Si-C4 peak at a binding energy of ~99.5 

in Fig. 3.4a, and the presence of the Si-C4 peak at binding energy of ~99.6 in Fig. 3.4b confirm 
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the coating of SiC by LP-CVD [40]. The presence of Si-C3-O, Si-C2-O2/Si-C-O3, and Si-O4 

suggest that the SiC is of amorphous nature. 

 

Figure 3.4. XP-spectra of (a) SiC-7 membrane; (b) SiC-8 membrane. 

The morphological transformation of the cross-section of the membranes after SiC coating by LP-

CVD was further studied by SEM-EDX. The pristine Al2O3 membrane had an Al2O3 separation 

layer of ca. 15µm in thickness, and it had a granular appearance (Fig. 3.5a). After the coating of 

SiC at 750°C, huge deposits of nodular SiC can be observed on the surface of the membrane (Fig. 

3.5b). Additionally, random deposits of SiC were also observed along the cross-section of the 

membrane. Since ceramic material has two types of pores: (i) open pores, which are accessible to 

precursors; and (ii) closed pores, which are not accessible to precursors [41], the occurrence of 

haphazard deposits of SiC along the cross-section of the membrane, deposited at 750°C, can be 

explained. However, as shown in Fig. 3.5c, the coating of SiC at 860°C resulted in the formation 

of a thin SiC coating at the surface of the membrane, and deposits of SiC were also observed at 

the sub-surface (3-6µm) of the membrane. Furthermore, Si deposits were observed by EDX only 

until the cross-sectional depth of 9µm for both SiC-7 and SiC-8 (Fig. 3.5d). So, it is concluded that 

the SiC coating did not completely coat the previous Al2O3 selective layer of ca. 15µm in thickness. 
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In fact, the effective thickness of SiC coated Al2O3 selective layer in both cases is ca. 9µm. 

Additionally, the difference in cross-sectional morphology of SiC-7 and SiC-8 membranes can be 

explained by the difference in deposition conditions. At 750°C, the high pressure and high 

concentration of the precursor gases probably led to a decrease of the mean free path of the 

precursor gases [42]. Therefore, the deposition proceeded via both gas phase reactions of the 

precursors; and reactions of the adsorbed precursors at the surface of the membrane [43], which is 

confirmed by the high atomic percentage of Si on the surface of the membrane in the Fig. 3.5d. At 

860°C, the pressure and concentration of precursor gases was relatively low, which only led to the 

deposition of a dense SiC via reactions of adsorbed precursors on the surface of the membrane. 

Different pressures were chosen at the two respective coating temperatures in order to elucidate 

the effect of pressure on the penetration depth of precursors. However, it can be seen in Fig. 3.5d 

that the chamber pressure did not affect the penetration depth of precursors. 
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Figure 3.5. SEM cross-sectional images of (a) pristine membrane; (b) SiC-7 membrane; (c) SiC-

8 membrane; and (d) EDX spectra. Stars represent the points where EDX spectra was taken.    

3.3.2 Effect of SiC LP-CVD & NaClO Ageing on Membrane Permeability and Pore Size  

PWP of the pristine, SiC-7/SiC-7-2A, and SiC-8/SiC-8-2A was measured and the results are shown 

in Fig. 3.6. The PWP of the pristine alumina membranes was ca. 350 L.m-2.h-1.bar-1, while for the 

SiC-7 membrane, it dropped to 200 L.m-2.h-1.bar-1. Increasing the SiC coating temperature to 

860°C led to a significant reduction of the PWP of the SiC-8 membrane to 128 L.m-2.h-1.bar-1. The 

difference between SiC-7 and SiC-8 membranes can be explained by the difference in morphology 

of the SiC, as described earlier. 
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Figure 3.6. Pure water permeability of Pristine; SiC-7; SiC-8; SiC-7-2A; and SiC-8-2A 

membranes.   

 Alam et al. concluded in their study that in contrast to a smooth surface, a rough surface has a 

higher specific surface area. As a consequence, more surface sites will be available for the water 

molecules and thus PWP will be higher [44], which is consistent with our findings. Ageing in 5% 

NaClO for 200h had different effects on the PWP of both membranes. The PWP of SiC-7-2A 

membrane increased to ca. 339 L.m-2.h-1.bar-1, and the membrane changed its appearance from 

black to off-white after ageing, indicating that the SiC was deteriorated (Fig. S3.1). In contrast, the 

PWP of the SiC-8-2A membrane was unaffected by NaClO ageing. 

Pore size measurements were conducted to obtain insights in the pore size distribution of the 

membranes after SiC coating and NaClO ageing (Fig. 3.7). The actual mean pore size of the 

pristine membrane was determined to be 42 nm, which differed greatly from the suppliers’ claimed 

pore size of 100 nm. The pristine membrane had a broad pore size distribution with the smallest 
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pores of ca. 26nm and the largest pores of ca. 98 nm. The mean pore size dropped to ca. 30 nm for 

the SiC-7 membrane, and it was reduced to ca. 27 nm for the SiC-8 membrane. The difference in 

pore size confirms the difference in PWP. After ageing, the mean pore size of SiC-7-2A membrane 

increased to ca. 37 nm, which is in accordance with the SEM images, showing the deterioration of 

the SiC coating. In contrast, the mean pore size of SiC-8-2A membrane was unaffected by ageing, 

confirming the chemical robustness of the SiC-8 membrane in NaClO. 

 

Figure 3.7. Pore size measurements of Pristine; SiC-7; SiC-8; SiC-7-2A; and SiC-8-2A 

membranes.   

3.3.3 Morphological and Chemical Post-mortem analysis of NaClO Aged SiC Coated 

Membranes 

The effects of NaClO ageing on the surface and cross-sectional morphology of the SiC coated 

membranes were also studied by SEM. SEM images of SiC-7-2A and SiC-8-2A membranes are 

presented in Fig. 3.8a-f. It can be observed from Fig. 3.8a that the SiC nodules on the surface and 
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random deposits of SiC along the cross-section of SiC-7-2A were removed by the exposure to 

NaClO. The removal of the SiC coating led to the increase in porosity and pore size of SiC-7-2A 

(Fig. 3.8b-c). For SiC-8-2A, NaClO exposure had no effect on the SiC coating (Fig. 3.8d-f). These 

results confirm the stability of SiC coating deposited at a high-temperature (860°C) towards harsh 

oxidizing treatment of NaClO. We speculate that the coating of SiC on the Al2O3 substrate at high-

temperature (860°C) and low-pressure (100mTorr) led to the formation of an adhesive and 

continuous SiC coating [45]. Therefore, the -OCl species could not corrode the SiC coating. 

Whereas, SiC deposition at low-temperature (750°C) and high-pressure (600mTorr) led to 

formation of porous and amorphous SiC nodules. Consequentially, the –OCl species completely 

corroded the SiC coating. However, further research is warranted to provide a comprehensive 

understanding of the mechanisms underlying deterioration. 
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Figure 3.8. SEM cross-sectional images of (a) SiC-7-2A membrane; and (d) SiC-8-2A membrane. 

SEM surface images of (b-c) SiC-7-2A membrane; and (e-f) SiC-8-2A membrane. 
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Al 2p spectra of unaged and aged membranes were also analyzed, and the percentage atomic 

concentration (at.%) of Al3+ was calculated by the area under the peaks to gain insights about the 

surface composition of the membranes (Fig. 3.9). For the SiC-7 membrane, the at.% of Al3+ was 

0.79 (Fig. 3.9a). However, after NaClO ageing, the at.% of Al3+ in SiC-7-2A membrane increased 

to 17 (Fig 3.9b). This confirms that the SiC coating was removed, and the surface now consisted 

of Al2O3 particles. These results are consistent with the SEM results (Fig. 3.8). For the SiC-8 and 

SiC-8-2A membranes, the at.% of Al3+ was 2.34 and 1.68 respectively, which shows that the Al2O3 

particles were still shielded by a SiC coating even after ageing in NaClO (Fig. 3.9c-d). 

 

Figure 3.9. XP-spectra of SiC-7 and SiC-7-2A membranes (a-b); SiC-8 and SiC-8-2A membranes 

(c-d). 
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3.4 Conclusion 

SiC coated UF membranes were prepared under two different deposition conditions by LP-CVD. 

Subsequently, simulated long-term ageing of the SiC membranes was performed in NaClO to 

elucidate the effect of ageing on the properties and performance of the membranes. 

SEM images of pristine and coated membranes show that a SiC coated Al2O3 selective layer was 

formed after deposition. Under relatively high-temperature deposition conditions, a continuous 

and adhesive SiC coating was obtained. Whereas, under relatively low-temperature deposition 

conditions, SiC deposited in the form of amorphous nodules. PWP and pore size measurements 

revealed that the SiC deposition at high-temperature led to the formation of a robust SiC coating 

which was stable in NaClO for 200h. Additionally, XPS results demonstrated that SiC coating 

performed at low-temperature was removed after 200h of NaClO exposure.  

Although further study will be required to elucidate the underlying mechanism on why the high 

temperature LP-CVD conditions lead to continuous, highly adhesive, and stable SiC coating; it is 

expected that the findings in this study possess significant implications for preparation of SiC 

coated UF membranes, and could be an alternative to full SiC UF membranes.  
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3.5 Supplementary information 

1. Thickness of SiC coating on Si wafers at different deposition conditions measured by 

ellipsometry. 

S.No. Temperature (°C) Pressure (mTorr) Time (mins) SiC Thickness (nm) 

1. 750 600 60 16 

2. 860 100 30 16 

Table S3.1. SiC coating thickness as a function of different deposition conditions. 

2. SiC-7-2A and SiC-8-2A membranes post-ageing. 

 

Figure S3.1. SiC coated membranes after ageing in NaClO for 200hrs.   
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Chapter 4 Single-step modification of tubular alumina membrane to silicon 

carbide tight-ultrafiltration membrane by low-pressure chemical vapor 

deposition for sulphate ion retention 

Abstract 

Sulphate (SO4
2-) is a model ion due to its negative charge and multivalent nature. Its rejection 

behavior serves as an indicator of the separation performance for other analogous ions in modified 

membranes. In literature the rejection of the SO4
2- by negatively charged polymeric NF membranes 

has been studied extensively with rejection percentages of more than 90%. SiC membranes have 

gained attention for (waste)water treatment due to their high hydrophilicity and negative charge. 

However, no negatively charged ceramic UF membranes have been tested yet for SO4
2- retention. 

In this study, a commercial Al2O3 UF membrane was converted into a highly negatively charged 

UF membrane by coating it with SiC. This was achieved by depositing a 5μm SiC coating in a 

single-step via LP-CVD. LP-CVD facilitates preparation of a SiC layer at much lower 

temperatures (700-900°C) compared to the sol-gel methods (ca. 2100°C), and it does not require 

multiple coating cycles and sintering steps to achieve the desired pore size. Subsequently, 

properties and performance of the as-prepared UF membrane coated with SiC were evaluated. The 

SiC coated membrane had a highly negative charge of -70 mV at pH of 6, and a permeance  of 26 

L.m-2.h-1.bar-1. Further, the SiC coated membrane demonstrated a SO4
2- rejection of 79% despite of 

having a large pore size of 7 nm, in comparison with the pore sizes of below 1 nm of NF 

membranes. These results highlight the potential of singe-step LP-CVD modification of 

commercial UF ceramic membranes to produce highly negatively charged SiC coated UF 

membranes with a high SO4
2- rejection, and without a large loss of permanence normally associated 
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with NF membranes. Also backwashing of the ultrafiltration membrane is still  possible which is 

an advantage in dealing  with cake layer fouling.       
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4.1 Introduction 

Industries, such as mining, and for textiles’, steel and pharmaceuticals’ manufacturing, produce 

significant quantities of wastewater [1]. These effluents contain elevated levels of various 

contaminants, including Na2SO4 and sodium chloride (NaCl) [2]. The removal of SO4
2- ions from 

these (waste)waters is essential to avoid environmental pollution and health hazards [3]. 

Membrane technology has emerged as a promising approach for (waste)water treatment, offering 

the capability to separate pollutants from mixtures, maintain a high-quality permeate, and reduce 

operational costs [4-6]. While polymeric reverse osmosis (RO) and NF membranes have 

extensively been studied and offer SO4
2- rejection [7, 8], they cannot be backwashed, rendering 

them particularly prone to fouling. Consequently, feed waters for RO and NF systems require 

rigorous pretreatment to remove particulates and foulants, thereby preserving membrane 

performance. Additionally, they are plagued by limitations such as low mechanical strength, 

temperature sensitivity, low flux, fouling, chemical vulnerability, and susceptibility to degradation 

upon chemical cleaning [9-13]. Conversely, ceramic membranes offer superior characteristics 

including high mechanical strength, low fouling, and stability against temperature and chemicals 

[14, 15] and UF-membranes can be backwashed. 

The rejection mechanism of SO4
2- by membranes can involve size exclusion (steric exclusion), 

charge exclusion (Donnan exclusion), or a combination of both [16, 17]. Steric exclusion occurs 

when the membranes’ pore diameter is smaller than that of the hydrated SO4
2- ion diameter, whereas 

Donnan exclusion arises from electrostatic repulsion between the membrane's surface (meaning 

that the surface is negatively charged) and the negatively charged SO4
2- ion. 

Wadekar et al. explored the SO4
2- rejection mechanisms of commercially available fully-aromatic 

PA and semi-aromatic polypiperazine (PP), polymeric NF membranes [18]. Their findings 
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revealed that SO4
2- rejection percentages exceeded 98%, with different mechanisms predominating 

in the various membrane types. The semi-aromatic PP NF membranes exhibited rejection primarily 

via steric exclusion, while other membranes performed through a combination of steric and 

Donnan exclusion mechanisms. Chong et al. modified tubular Al2O3 MF membranes into 

positively charged PA NF membranes through interfacial polymerization. In their study, a 

SO4
2- rejection of only 65% was observed, however, a detailed mechanistic explanation was not 

reported, while steric exclusion was suspected to play a role [19]. The positive charge of the 

membrane surface may have contributed to the observed low rejection, although further 

investigation may be required to confirm this.  

As an alternative for the above mentioned polymeric membranes, Chen et al. tested the SO4
2- 

rejection of a ceramic multi-channel tubular titania (TiO2) NF membrane [20]. The pore size of the 

membrane was reported to be 1.5 nm. The membrane had a low SO4
2- ion rejection of 39%, and 

the rejection was attributed to both steric and Donnan exclusion. In a similar study, Cha et al. 

measured the SO4
2- rejection of a commercially available TiO2 NF membrane with a pore size of 

0.9 nm, being  ca. 60% [21]. Although, the pore size of the membrane was close to the hydrated 

radius of the SO4
2-, it was proposed that the Donnan exclusion was responsible for the SO4

2- 

rejection. Finally, Van Gestel et al. prepared TiO2 NF membranes by using the sol-gel dip coating 

procedure, and observed a SO4
2- rejection of only ca. 40% [22]. 

While oxide ceramics have received considerable attention [23-25], studies on carbide ceramics, 

such as SiC, for industrial (waste)water treatment remain limited. SiC membranes, prepared using 

the conventional sol-gel technique, typically require a high-temperature sintering step (ca. 2100°C) 

and multiple coating and sintering cycles, making the method costly [26, 27]. In addition, with this 

method it is difficult to  precisely control the pore size and selective layers’ chemistry. However, 
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the intrinsic hydrophilicity, the negative charge of SiC [28], and the low susceptibility to 

irreversible and reversible fouling [29], present promising attributes for SO4
2- rejection, even with 

pore sizes larger than those typical of  NF membranes. LP-CVD offers the advantage of depositing 

SiC onto the membrane surface or within its pores in a single-step. The thickness of the SiC coating 

can be controlled by varying the deposition time and structural properties can be controlled by the 

deposition temperature. Additionally, there is no need for a separate sintering step, which leads to 

significant reduction in costs [30, 31]. Despite these promising characteristics of LP-CVD to 

produce SiC coated membranes, to the authors’ knowledge, research lacks exploration into SiC 

coated membrane preparation by LP-CVD with ion rejection properties. 

In this context, the present study focuses on the modification of commercially available tubular 

Al2O3 UF membranes by depositing a coating of SiC by LP-CVD. This process transforms the 

Al2O3 UF membrane into a SiC coated tight-UF membrane with different surface properties and a 

smaller pore size. The surface chemical composition, cross-sectional morphology, zeta potential, 

and pore size of the SiC coated membrane were studied. Subsequently, the performance of the SiC 

coated membrane was tested by measuring for the permanence and SO4
2- rejection in both pure 

water and NaCl salt solution.  

4.2 Materials and Methods 

4.2.1 Materials & Chemical Agents 

Commercial single-channel tubular membranes (CoorsTek, the Netherlands) with a support as well 

as a selective layer of Al2O3 were used for LP-CVD of SiC. The membranes had an inner diameter 

of 7 mm, an outer diameter of 10 mm, and were 10 cm long. As per suppliers' specifications, the 

mean pore size of the selective and support layers were 20 nm and 600 nm respectively. The SiC 

coated tubular Al2O3 membranes were used for permeance, pore size , SEM, and SO4
2- rejection 
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measurements. Flat sheet Al2O3 membranes (Inopor, Germany), coated with SiC under identical 

LP-CVD conditions, were used for zeta potential and transmission electron microscopy (TEM). 

The flat sheet Al2O3 membranes had a nominal pore size of 100 nm, a rectangular geometry of 1 

cm x 2 cm, and a thickness of 1 mm.  

4.2.2 Low-Pressure Chemical Vapor Deposition 

A hot-wall LP-CVD furnace (Tempress Systems BV, The Netherlands) was used for the deposition 

of SiC coating on the Al2O3 membrane, as described by Morana et al. [32]. The precursor SiH2Cl2 

was used as the source of Si, and 5% acetylene C2H2 in hydrogen H2 was used as source of C. 

Ultrapure N2 from a liquid N2 source was employed as purging gas in the system. SiC deposition 

was carried out at a temperature of 860°C, a pressure of 100 mTorr, and a deposition time of 40 

mins. During SiC deposition, the membranes were placed longitudinally to the flow of the 

precursor gases. 

4.2.3 Membrane Characterization and Performance Evaluation 

The morphology of the Al2O3 and the SiC coated membranes was observed by SEM (FEI Nova 

NanoSEM 450, USA). An energy dispersive x-ray (EDX) analyzer coupled with SEM was used 

to determine the Si atomic percentage. Sample preparation for SEM involved breaking the 

membranes with a hammer to obtain a relatively flat specimen which was afterwards sputter coated 

with gold to increase sample conductivity to achieve clear images. 

The thickness and chemical composition of the SiC coating was studied by FEI cubed titan Cs-

corrected 80-300kV TEM. Elemental mapping in scanning transmission electron microscopy 

(STEM) mode was performed using the super-X in the ChemiSTEMTM configuration. In STEM 

mode, a small electron beam scans the specimen. For each beam position the diffracted electrons 

are collected on a ring detector, thus forming an annular dark field (ADF) image after the complete 
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area is scanned. At the same time, an EDX spectrum is collected for each beam position, and 

elemental maps are obtained. 

Pore size measurements were performed by Micromeritics Mercury Intrusion Porosimetry (MIP). 

In the standard MIP test, mercury is forced to penetrate into the pore system of a specimen by 

increasing the applied pressure. Assuming that the pores are cylindrical in shape, the correlation 

between the applied pressure P (MPa) and the pore diameter d (μm) can then be described by the 

Washburn equation [33]: 

𝑑𝑑 = (-4. 𝛾𝛾𝛾𝛾𝛾𝛾. cos 𝜃𝜃)/𝑃𝑃     

Where 𝛾𝛾Hg (0.48 N/m) is the surface tension of the mercury [34]; 𝜃𝜃 (140°) is the contact angle 

between mercury and the pore wall [35].  

The zeta potential was estimated on the SiC coated Al2O3 flat-sheet membrane using an 

electrokinetic analyzer (SurPASS, Anton Paar, Graz, Austria). The instrument measures the 

streaming current coefficient, and the Helmholtz–Smoluchowski equation was then used for the 

calculation of the zeta potential of the membrane. The isoelectric point (IEP) was measured in a 

titration system, encompassing a pH range of 3 to 10.  

The Debye length for feed solutions of various ionic strengths was calculated using the following 

equation [36]: 

𝑘𝑘�� = �
ε0ε�𝑘𝑘�𝑇𝑇

2000𝑁𝑁�𝑒𝑒2𝐼𝐼
� 

 Where ε0 = vacuum permittivity (8.85 × 10-12 C V-1 m-1), ε� = relative permittivity of the 

background solution (80 for water at 20°C), 𝑘𝑘� = Boltzmann constant (1.38 × 10-23 JK-1); T = 

absolute temperature (K); 𝑁𝑁� = Avogadro number (6.0 × 1023 mol-1); e = elementary charge (1.6 × 

10-19 C); I = ionic strength (mol L-1). 
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For membrane performance evaluation, Na2SO4 and NaCl salts were purchased from Sigma-

Aldrich Chemicals (the Netherlands). Feed solutions of various concentrations were prepared with 

deionized (DI) water. The permeance and SO4
2- ion rejection by the SiC coated membrane was 

measured under constant flux in an in-house built cross-flow filtration setup for tubular 

membranes, as described by Jan et al. [30], using DI water and NaCl salt solution.  

4.3 Results and Discussion 

4.3.1 Structural characteristics of the SiC selective layer 

4.3.1.1 Morphological evolution 

Surface properties of the pristine Al2O3 membrane, such as defects and inhomogeneities, can 

influence the properties and performance of any subsequently deposited coating [37]. And, given 

that commercially available tubular Al2O3 membranes are not completely defect-free [38], an 

Al2O3 membrane with minimal inhomogeneities was selected for the coating of SiC. To identify 

such a membrane, the PWPs of various Al2O3 membranes were first measured. Membranes 

exhibiting similar PWP values, indicative of comparable pore structures and minimal defects, were 

then chosen for subsequent SiC coating to ensure consistency in performance across the selected 

membranes. Fig. 4.1(a & c) shows the surface and cross-sectional morphologies of the Al2O3 

membrane. In Fig 4.1c, it can be observed that the Al2O3 membrane had an asymmetric structure 

comprising of a macroporous support and mesoporous selective layer with a nominal pore size of 

20 nm. However, the actual pore size was measured to be 13 nm by MIP (Fig. S4.1). Additionally, 

non-homogeneous domains in the form of larger grains and pores can also be observed on the 

membranes’ surface (Fig. 4.1a). In comparison, LP-CVD modification of the Al2O3 membrane 

resulted in a homogeneous SiC coating on the former Al2O3 selective layer of the membrane, see 
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Fig. 4.1b (also Fig. S4.2). Thus, the SiC coated Al2O3 selective layer could function as the new 

selective layer.   

The permeance of a membrane is dependent on the total resistance of the support and selective 

layers [16]. It has been reported that the experimental hydraulic resistance of support and selective 

layer can be much larger than the combined theoretical resistances of the two. The increased 

resistance is due to the presence of transitionary boundary layers at the interface of a macroporous 

support and a mesoporous/microporous selective layer [39]. Therefore, LP-CVD conditions, i.e. 

temperature and pressure, must be tuned to accurately control the thickness of the coating so that 

the interface remains unmodified. Moreover, the growth rate of the coating is not uniform along 

the axial direction of the LP-CVD furnace. The growth rate at the inlet of the furnace is high and 

decreases along the length of the furnace [40]. This was validated by our observations as well. The 

SiC deposition on the Al2O3 membrane at the inlet of the furnace resulted in a gradient SiC coating 

thickness and SiC coating also penetrated beyond the interface of support and selective layer into 

the bulk of the material (Fig. S4.3). Therefore, the LP-CVD of SiC was carried out further away 

from the inlet of the furnace and the resultant SiC coating did not penetrate into the bulk of the 

support and had a constant thickness across the length of the membrane (Fig. 4.1d). Furthermore, 

in LP-CVD, the growth of the coating has two main aspects: (a) longitudinal growth; and (b) radial 

growth [41]. These affect both the selectivity and permeance due to change of the pore size of 

membrane (pore size measurements will be discussed in the subsequent section). Therefore, to 

measure the thickness of the SiC  coating, i.e. growth in longitudinal direction, a line-scan along 

the cross-section of the membrane was conducted via SEM-EDX (Fig. S4.4). The SiC coating did 

penetrate about 5 μm into the Al2O3 selective layer of membrane. 
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Figure 4.1. Surface morphology of alumina and silicon carbide coated membranes (a-b); cross-

sectional morphology of alumina and silicon carbide coated membranes (c-d). 

4.3.1.2  Radial growth of SiC coating and effective change in pore size of membrane 

The radial growth of the SiC coating was analyzed by TEM and elemental mapping was conducted 

in the STEM mode to calculate the atomic percentages of Si and C respectively. It can be seen that 

the Al2O3 particles were completely shielded by the SiC coating (Fig. 4.2a-d). The radial thickness 

of the SiC coating was measured to be ca. 12 nm. (Fig. 4.2f). Additionally, the atomic percentages 

of Si and C were measured at area-1. Area-1 is shown in the marked circle in Fig. 4.2e, and the 

respective enlarged image is shown in Fig. 4.2f. Both Si and C were present in equal atomic 

percentages (Fig. 4.2g). Oxygen was also detected in the SiC coating, which can be attributed to 

the presence of hydroxyl (-OH) groups on the surface. These -OH groups are responsible for the 

negative charge and hydrophilic properties of SiC coating. 
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Figure 4.2. STEM elemental mapping of silicon carbide coating (a-f); elemental composition of 

silicon carbide coating (g). 

The pore size of SiC coated membrane, determined via mercury intrusion MIP, is presented in Fig. 

4.3. During MIP analysis, mercury initially intrudes the macropores due to the relatively low 

pressure required for penetration. As shown in Fig. 4.3a, the mean macropore size of the SiC coated 

membrane was found to be 650 nm. With increasing pressure, mercury progressively intrudes 

mesopores and micropores until the available pore volume is saturated. However, a limitation of 

MIP is its reduced sensitivity to the pore size distribution of asymmetric membranes. Specifically, 

the dominant contribution of the macroporous support layer to the overall intrusion data often 

masks the influence of the selective layer, which has a significantly lower pore volume [42]. This 

limitation is evident in the present study, as only a minimal volume of mercury was intruded into 

the SiC coated Al2O3 selective layer, resulting in an estimated mean pore size of 7 nm (Fig. 4.3b). 
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Figure 4.3. Pore size distribution of silicon carbide coated membrane as measured by mercury 

intrusion porosimetry (a); enlarged view of the selected region (b).  

4.3.2 SiC coated membrane properties: permeance and zeta potential  

4.3.2.1 Pure water permeability 

The PWP of the Al2O3 membrane was ca. 277 L.m-2.h-1.bar-1, see Fig. 4.4a. After deposition of SiC 

for 40 mins, the PWP dropped to 26 L.m-2.h-1.bar-1. It can be seen in Table 4.1 that the PWP of SiC 

coated membrane is high in comparison with other ceramic membranes prepared by sol-gel 

methods. For instance, sol-gel-based TiO2 membranes typically exhibit PWPs ranging from 1.4 to 

7 L.m-2.h-1.bar-1, depending on their preparation parameters and microstructure. The high PWP of 

the SiC coated membrane can be attributed to the inherent hydrophilicity of the SiC [29], and LP-

CVD process which minimizes additional pore constriction while enhancing surface properties. 

SiC coated membranes were also prepared with extended deposition times exceeding 40 mins. 

However, it resulted in complete pore clogging of the Al2O3 membranes by SiC coating and no 

PWP was observed. 
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Figure 4.4. Pure water permeability of membranes (a); zeta potential of membranes (b). 
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Table 4.1. Comparison of sulphate rejection of silicon carbide coated membrane with membranes 

reported in literature.  

  

 

4.3.2.2 Zeta potential 

The zeta potential, also known as electrokinetic potential, is the consequential potential difference 

that is created between different regions of different charge densities in direction perpendicular to 

the pore wall. It is measured between the imaginary shear/slipping plane of the stagnant water 

layer in the electrical double layer close to a solid surface [47].  

Selective 

layer 

Preparation 

method 

PWP 

(L.m-

2.h-

1.bar-1) 

Na2SO4  

feed 

concentration 

(mM) 

SO4
�2  

rejection 

(%) 

Reference 

Titania Sol-gel - 7 39  [20] 

Titania Sol-gel - 2 60  [21] 

Titania Sol-gel 7 100 36  [43] 

Polyethersulfone - 5 25 55  [44] 

Zirconia/alumina* - - 10 70  [45] 

Titania Sol-gel 1.4 - 68  [46] 

Silicon carbide LP-CVD 26 2 79 This work 
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The zeta potential of the SiC coated membrane remained negative across the pH range of 3-10 and 

became highly negative at pH values above 4 (Fig. 4.4b). This aligns with the observations reported 

in the literature for other SiC membranes. Studies have shown that SiC coated membranes prepared 

by LP-CVD consistently display negative zeta potential which reflects the distinct surface 

chemistry and hydrophilicity of SiC [14, 31]. Full SiC membranes used in water treatment 

applications have demonstrated zeta potentials of -20 to -40 mV at pH 7 [48], facilitating the 

rejection of negatively charged solutes and mitigating fouling. In contrast, the uncoated Al2O3 

membrane exhibited a positive charge at pH < 6, transitioning to a negative charge at pH > 6. 

Furthermore, membranes based on Al2O3 and titania typically exhibit an isoelectric point (IEP) 

between pH 5-7, where the surface charge is zero. This highlights the advantages of SiC in 

applications requiring treatment of anionic feeds.     

4.3.3 SiC coated membrane rejection properties 

4.3.3.1 Sulphate ion rejection in deionized water 

Fig. 4.5a shows the SO4
2- rejection of the SiC coated membrane as a function of increasing Na2SO4 

feed concentration. It can be seen that the SiC coated membrane exhibited the highest SO4
2- 

rejection of 79% for 2mM Na2SO4 feed solution. Table 4.1 shows that the SO4
2- rejection of the SiC 

coated membrane is high in comparison with other ceramic NF membranes reported in literature 

[19-21, 43-46]. However, increasing the Na2SO4 feed concentration to 20mM led to a decrease of 

SO4
2- rejection to 34%. 

The decrease of the rejection at higher feed concentrations can be attributed to the increased ionic 

strength of the solution which lowers the membranes’ zeta potential [16, 49]. Higher ionic strength 

increases the counter-ion concentration near the membrane surface, either partially or fully 

compensating the surface charge of membrane within the slipping plane. This process causes a 
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reduction in the Debye length, thereby weakening electrostatic interactions [16]. As shown in Table 

4.2, the Debye length decreased with increasing feed ionic strength, leading to a lower zeta 

potential and a diminished electrostatic effect on co-ion transport through the membrane. These 

findings are consistent with the observed trends in SO4
2- rejection for the SiC coated membrane. 

 

Figure 4.5. Sulphate rejection of silicon carbide coated membrane with increasing Na2SO4 feed 

concentration (a); and mixed (NaCl and Na2SO4) feed solution (b). 

Table 4.2. Debye length calculated for feed solutions of various ionic strengths. 
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4.3.3.2 Influence of mixed Na2SO4 and NaCl feed on sulphate ion rejection 

To obtain more insights in the rejection mechanism, SO4
2- rejection was also measured by using a 

mixed feed of NaCl and Na2SO4 (Fig. 4.5b). The Na2SO4 concentration was fixed at 2mM and the 

NaCl concentration was varied, to correlate change in the electrical double layer with SO4
-2 

rejection by the SiC coated membrane. For 2mM Na2SO4 concentration without any NaCl, a SO4
-2 

rejection of ca. 76% was observed, which is consistent with the previous observations. With 

increasing NaCl concentration, a decreasing trend in SO4
2- rejection was observed (Fig. 4.5b). This 

stems from the fact that a high concentration of sodium (Na+) counter-ions will compress the 

electrical double layer and the zeta potential of the SiC coated membrane. Nicolini et al. measured 

the SO4
2- rejection of a Na2SO4 solution by a commercially available negatively charged PES 

(NP010) membrane with an average pore radius of 1.29 nm [44]. The SO4
2- rejection was ca. 55%, 

and it was concluded that the increased concentration of counter-ions at the membranes’ surface 

reduces the SO4
2- (co-ion) rejection. Similarly, Caltran et al. observed that the SO4

2- rejection of a 

mixed NaCl/Na2SO4  feed solution by commercially available TiO2 membrane with a mean pore 

size of 0.9 nm was only 36% [43]. They concluded that the Donnan effect is responsible for the 

retention and suspected that the low rejection was due to low negative zeta potential of the 

membrane. In present study the SO4
2- rejection by the SiC coated membrane for a mixed 2mM 

Na2SO4 and 18mM NaCl feed solution decreased to 34%, and further increasing the NaCl 

concentration, while keeping Na2SO4 concentration fixed, led to an even more drastic decrease of 

SO4
2- rejection.  

According to Donnan exclusion principle, charged ceramic membranes can effectively repel co-

ions and attract counter-ions, enabling the exclusion of ionic species whose hydrated species are 

much smaller than the nominal pore diameter. The strength of this electrostatic exclusion, however, 
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depends critically on the ratio between the pore radius and the Debye length of the electrical double 

layer [50]. A schematic of membrane pore size and Debye length as a function of feed ionic 

strength is shown in Fig. 4.6. At 2mM feed ionic strength, the Debye length is calculated to be 6.82 

nm (Table 4.2), leading to an overlap of diffuse double layer within the membrane pores. Under 

these conditions, SO4
2- ions concentration is depleted in the pore interior due to the overlap of the 

diffuse double layers. Positive ions are in excess in the diffuse double layer and negative ions are 

decreased in concentration in the diffuse double layer of a negative surface. Conversely, at 20mM 

feed ionic strength, the Debye length is reduced to 2.16 nm (Table 4.2), which is less than the pore 

radius (ca. 3.5 nm) and thus preventing diffuse layer overlap within the pores. Consequentially, 

allowing  SO4
2- ions to penetrate the pores more freely, thus leading to lower rejection. Remarkably, 

despite having a relatively large pore size of 7 nm, the highly negatively charged SiC coated 

membrane effectively rejected SO4
2- ions which possess a hydrated diameter of 0.75 nm [51]. 
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Figure 4.6. Schematic of SiC coated membrane pore size and Debye length as a function of feed 

ionic strength. 

4.4 Conclusions 

An Al2O3 UF membrane was successfully converted into a SiC UF membrane in a single-step via 

coating with LP-CVD. The deposition conditions were optimized to form a SiC coating 

encapsulating the Al2O3 selective layer. Notably, the LP-CVD method eliminated the need for high 

temperature sintering step (ca. 2100°C) typically required in sol-gel based SiC membrane 

fabrication, offering a potentially more cost-effective manufacturing route. 

SEM analysis revealed that the longitudinal thickness of the SiC coating in the selective layer was 

5 μm, while STEM analysis confirmed a radial thickness of only 12 nm. These deposition 

characteristics resulted in a membrane with a mean pore size of 7 nm. Zeta potential measurements 

indicated a highly negative surface charge, leading to a SO4
2- rejection of 79% at low feed ionic 
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strengths, despite the membranes’ relatively large pore size compared to SO4
2- ions (size of the ion 

only 10% of the pore size). However, increasing the ionic strength of both single and mixed salt 

solutions led to a decline in SO4
2- rejection, highlighting the dominant role of electrostatic 

interactions in the separation process. These findings confirm that both pore size and Donnan 

exclusion govern the SO4
2- rejection, with higher ionic strengths suppressing the electrostatic 

repulsion due to double layer compression.  

The present study demonstrates the potential of LP-CVD derived SiC membranes for selective ion 

separation and provides insights into the interplay between membrane charge, pore structure, and 

feedwater chemistry, which are critical for designing efficient ceramic membranes for water 

purification applications. 
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4.5 Supplementary information 

1. Pore size of pristine Al2O3 membrane measured by mercury intrusion porosimetry.  

 

Figure S4.1. Pore size of pristine Al2O3 membrane measured by mercury intrusion porosimetry 

(a); enlarged view of the selected region (b). 

2. Surface composition of membranes by SEM-EDX. 

 

Figure S4.2. Surface composition of alumina (a); and silicon carbide membrane (b) by SEM-EDX.  

3. SiC coating deposition at the inlet of the LP-CVD furnace.  
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Figure S4.3. Cross-sectional morphology of alumina (a & c); and silicon carbide coated 

membrane (b & d) modified at the inlet of LP-CVD furnace. 

4. Longitudinal growth of SiC coated Al2O3 selective layer. 

 

Figure S4.4. Longitudinal thickness of as-prepared SiC coated Al2O3 selective layer estimated by 

a cross-sectional line-scan by SEM-EDX.  
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Chapter 5 A review on atomically modified materials by atomic layer 

deposition for wastewater treatment 

Abstract 

The growing global water crisis necessitates advanced wastewater treatment technologies capable 

of addressing complex contaminants. Adsorbents and membrane technologies provide viable 

solutions for wastewater treatment, and their performance can be significantly enhanced through 

surface modification by ALD. ALD enables nanoscale engineering of materials, offering 

unprecedented control over surface chemistry, pore structure, and functional properties for 

improved wastewater treatment efficiency. This review critically examines the advancements in 

ALD-modified membranes and adsorbents for industrial wastewater treatment, highlighting how 

ALD enhances adsorption kinetics and selectivity in adsorbents, improves hydrophilicity and 

antifouling behavior in polymeric membranes, and enhances chemical and mechanical stability in 

ceramic membranes. Despite these advantages, challenges remain in adoption of ALD in 

wastewater treatment. Future research should focus on optimizing ALD process parameters and 

exploring synergies with emerging water purification strategies. The continued development of 

ALD presents a promising pathway towards more efficient and sustainable wastewater treatment 

solutions. 
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5.1 Introduction 

Over the past century, global water demand has surged sixfold, driven by population growth, 

economic development, and evolving consumption patterns [1, 2]. The escalating demand coupled 

with a relatively stagnant water supply, has exacerbated water stress, posing a significant challenge 

to modern society. Anthropogenic activities contribute to this issue by generating vast quantities 

of wastewater, which contains suspended, colloidal, and dissolved solids [3]. However, wastewater 

represents a largely untapped resource for water recycling, with potential to mitigate water stress 

and contribute to a circular economy [4].  

Wastewater treatment methods, such as chemical coagulation, flocculation, distillation, and ion 

exchange, suffer from high energy consumption and suboptimal efficiency [5, 6]. In contrast, 

membrane- and adsorption-based technologies have emerged as promising alternatives due to their 

higher filtration efficiency and lower energy consumption [7, 8]. However, the transition to these 

technologies hinges on innovation in the precise engineering of surface properties at the atomic 

level [9]. Key surface characteristics critical for efficient filtration are pore size, surface charge, 

catalytic functionality, and material durability [10, 11]. 

Current approaches to modifying surface properties, such as sol-gel techniques, chemical grafting, 

and plasma or UV treatments, are limited by high energy demands, substrate compatibility 

challenges, limited atomic-scale control, and significant capital costs [5]. Furthermore, the porous 

nature of membranes and adsorbents makes it challenging for conventional methods to uniformly 

coat surfaces with functional and thin selective layers [12]. Therefore, innovative fabrication 

techniques are required to develop robust materials tailored for wastewater treatment applications.         

Thin films are essential in various technologies, including magnetic storage devices, optoelectronic 

components, catalysts, and membranes [13]. Vapor deposition techniques, specifically chemical 
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CVD and ALD, offer promising solutions for engineering thin films on a wide range of substrates 

[14]. CVD is a versatile process that enables the deposition of thin films via chemical reactions of 

gaseous precursors on or near the substrate surface [15]. The fundamental step in preparing CVD 

is to identify the chemical reaction responsible for the deposition of the desired product. 

Subsequently, the thermodynamics and kinetics of the reaction should be studied to determine the 

reaction's feasibility. On the basis of the chemical reaction, gaseous precursors are chosen, which 

are simultaneously flown into the reaction chamber at a particular temperature and pressure to 

form the desired film on the substrate, whereas the by-product gases are vented. As a result, by 

choosing the appropriate precursors and deposition parameters, thin films of most metals, non-

metallic elements, and a large number of compounds, including carbides, nitrides, and oxides, can 

be produced [16]. The following are the advantages of CVD: 

• Ability to produce dense and uniform films with good reproducibility and adhesion. 

• Control over crystal structure and surface morphology by controlling the process 

parameters. 

• Flexibility to deposit a wide range of materials (e.g., metals, carbides, nitrides, oxides, 

sulfides) due to the wide availability of precursors (halides, hydrides, and organometallics). 

There are, however, some disadvantages with CVD as well, which restrict the widespread 

applicability of CVD. In particular, the inherent limitation of CVD restricts its applicability for 

modifying pores smaller than approximately 10 nm [17, 18]. Moreover, the following limitations 

are identified: 

• Not all CVD reactions yield conformal films. 

• Controlling the thickness of grown layers can be challenging due to island-type nucleation 
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mechanisms [19]. 

• CVD requires high temperatures (typically above 600°C), limiting its use on substrates that 

cannot withstand such conditions [20]. 

ALD, a subset of CVD, facilitates conformal thin film deposition with atomic scale precision 

through sequential and self-limiting chemical reactions of gaseous precursors [21]. The self-

limiting nature of ALD reactions ensures that a monolayer is deposited per cycle of ALD [22], 

even on porous substrates [23]. The unique capabilities of ALD make it particularly advantageous 

for wastewater treatment applications, as it allows for: 

• Precise tuning of pore sizes to nanofiltration and reverse osmosis range ( < 2 nm) [24]. 

• Altering surface charge by depositing a thin layer of targeted material [25]. 

• Transformation of adsorbent and membrane material’s surface areas from hydrophobic to 

hydrophilic, and vice versa [26]. 

• Imparting photocatalytic properties to enhance contaminant degradation [27]. 

• Mitigate fouling in membrane separation [28]. 

• Convenient separation of adsorbents from the aqueous phase by deposition of magnetic 

materials. 

• ALD operates in a lower temperature range (80-400°C), enabling thin film deposition on a 

wide range of substrates, even on polymeric materials [29].        

Despite widespread applicability of ALD for membrane modification, functionalization, and 

fabrication, existing reviews remain segmented in focus. They primarily focus on membrane 

applications for gas/water separation, ALD-based interfacial engineering, or broader functional 

materials without a dedicated emphasis on wastewater treatment. While some studies have 
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explored ALD’s potential for enhancing membrane antifouling or tuning pore size [30-33], and 

others have reviewed multifunctional materials for aquatic remediation [34, 35] , a comprehensive 

review that highlights ALD’s role in modifying both adsorbents and membranes for complex 

wastewater streams is lacking. This review bridges this gap by providing a comprehensive analysis 

of ALD’s role in wastewater treatment, with particular emphasis on its advantages in enhancing 

adsorption kinetics and selectivity of adsorbents, improving the hydrophilicity and antifouling 

properties of polymeric membranes, and enabling advanced fabrication routes for robust ceramic 

membranes. It begins with an overview of ALD’s historical development and fundamental 

chemistry, highlighting key processing parameters and their influence on thin film properties.  

While several extensive reviews discuss ALD’s mechanisms and broader applications [12, 21, 35], 

this  manuscript integrates materials science and water process engineering to offer a holistic 

perspective specifically tailored to wastewater purification, which has not yet been adequately 

addressed. Key studies from the last decade are examined to showcase ALD’s potential in 

modifying wastewater treatment materials, followed by a discussion of the current challenges and 

future research directions in the field. 

5.2 Historical perspective and fundamentals of ALD 

5.2.1 Brief history of ALD 

ALD evolved from CVD, a well-established thin film deposition technique in use since the 1880s. 

Early applications of CVD included the enhancement of incandescent lamp filaments through 

carbon or metal coatings [20]. The conceptual foundation of ALD was first laid in the 1950s in the 

former USSR, where researchers explored sequential surface reactions for controlled film growth 

[36, 37]. However, its industrial relevance emerged, independently, in Finland in 1970s, when 

Suntola et al. established the technique under the name of atomic layer epitaxy (ALE) for 
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fabricating thin films in electroluminescent displays [38]. The first Finnish patent for ALE was 

filed in November 1974, followed by a U.S. patent granted in 1977. Initially, ALE was primarily 

associated with epitaxial film growth. However, as the technique gained broader applicability 

beyond epitaxial systems, extending to polycrystalline and amorphous films, the term ALD 

became widely adopted in the early 2000s.  

5.2.2 Working principle of ALD: The ALD cycle 

Thin film formation in ALD results from chemical reactions between the precursor molecules and 

reactive functional groups on the substrate’s surface. To achieve complete surface saturation, the 

injected dose of the precursors must be sufficient to react with all the available functional groups. 

Once saturation is reached, further exposure to precursor does not contribute to additional growth, 

leading to a self-limiting deposition process. 

To illustrate the fundamental mechanism, the ALD of Al2O3 using trimethylaluminium TMA 

(Al(CH3)3) and steam (H2O) is  presented as a model system [39]. The deposition cycle consists 

of four distinct steps (see also Fig. 5.1): 

• Precursor exposure: The substrate is first exposed to TMA, which selectively reacts with 

the surface -OH groups, forming a –CH3 terminated surface and releasing methane (CH4) 

as a reaction byproduct. The reaction proceeds until all accessible -OH sites are consumed.   

• Purge step: An inert gas (e.g., nitrogen or argon) is introduced to remove the unreacted 

precursor molecules and gaseous byproducts, preventing unwanted gas-phase reactions. 

• Co-reactant exposure: The second precursor H2O  is introduced, which reacts with –CH3 

terminated surface to regenerate -OH groups while forming a monolayer of Al2O3. CH4 is 

again released as a byproduct in this step. This reaction also follows a self-limiting 

mechanism and it ceases once all available –CH3 sites have reacted. 
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• Final purge: A second inert gas purge is applied to remove any H2O and reaction 

byproducts, preparing the surface for the next ALD cycle.  

Each ALD cycle deposits a thin layer, with growth per cycle (GPC) typically ranging from 0.4 – 

2.5 Å [21], depending on precursor chemistry and the targeted material. The final thickness is a 

function of the total number of ALD cycles performed. This GPC deposition ensures precise 

thickness control and conformal coating of complex structures. 

 

Figure 5.1. Schematic representation of ALD process. 

5.2.3 ALD precursors 

The selection of appropriate precursors is fundamental to achieving controlled and reproducible 

ALD. Given that ALD typically operates within a deposition temperature range of 80-400°C [21], 

precursors must exhibit adequate volatility at the operating conditions while maintaining thermal 

stability over extended periods. 

For an optimal ALD process, precursors must meet the following criteria [9, 21, 40-42]: 

• Volatiliy: The precursor must be sufficiently volatile at the deposition temperature and 

pressure to ensure transport to the reaction site. 

• Thermal stability: The precursor should remain chemically stable without decomposition 
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or self-reaction at the deposition temperature. 

• Reactivity: It must exhibit high reactivity towards the surface functional groups.  

• Inertness to film: The precursor should not etch or degrade the substrate or the growing 

film.  

• Safe handling: Non-toxic and non-corrosive precursors are preferred for safer handling 

and process reliability.  

A practical strategy for identifying suitable ALD precursors involves adapting reactants from a 

well-established CVD process [41, 43]. In this approach, a binary reaction scheme used in CVD 

is modified to an ABAB… cycle, where reactants are introduced sequentially to achieve self-

limiting growth. A key distinction between ALD and CVD lies in GPC, verifying the layer 

thickness increment per cycle ensures that the deposition follows ALD kinetics rather than CVD-

like continuous growth.  

5.2.4 ALD variants: thermal and plasma/radical assisted ALD 

Once a chemical reaction has been identified for deposition, the next step is to determine the 

appropriate variant of ALD. The two primary variants of ALD are thermal-assisted ALD (TALD) 

and plasma/radical-assisted ALD (PALD), each distinguished by the energy source used to drive 

the surface reactions. 

In TALD, heat energy provides the activation energy for precursor-surface reactions. Common 

materials deposited using TALD include binary metal oxides (Al₂O₃, TiO₂, ZnO, ZrO₂, HfO₂, 

Ta₂O₅), binary metal nitrides (TiN, TaN, W₂N), and certain metal sulfides (ZnS, CdS) [44, 45]. 

In contrast, PALD relies on radicals generated in plasma to facilitate chemical reactions that may 

not be energetically favored under thermal conditions alone. The radicals enhance surface 

reactivity, allowing for deposition of materials such as metals (e.g., Ta, Pt, Ru) and semiconductors 
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(e.g., Si, Ge) that are challenging to achieve using TALD. PALD is particularly advantageous for 

depositing films at lower temperatures, making it suitable for coating thermally sensitive 

substrates. However, the high recombination affinity of radicals in PALD may limit penetration 

into porous structures, challenging its applicability to membrane and adsorbent structures [46]. 

5.2.5 Deposition temperature of ALD: The ALD window 

Deposition temperature is a key parameter in ALD. The GPC is influenced by temperature, and 

within a specific temperature range, the deposition process exhibits a stable and self-limiting 

behavior. This temperature range, known as the ALD window, represents the optimal conditions 

for achieving consistent and reproducible film growth [47, 48]. 

As illustrated in Fig. 5.2, at temperatures below the ALD window, precursor condensation or 

incomplete surface reactions may occur due to insufficient activation energy, leading to non-

uniform or inhibited film growth. Conversely, at temperatures above the ALD window, precursor 

decomposition can result in CVD-like growth, i.e. deposition is not self-limiting [21, 42]. 

Maintaining deposition within the ALD window is crucial for ensuring uniformity, reproducibility, 

and the desired film properties. 
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Figure 5.2. Schematic representation of growth per cycle as a function of process temperature, i.e. 

the ALD window. 

5.3 Atomically Engineered Materials by ALD for Wastewater Treatment 

5.3.1 Characteristics of Wastewater and treatment technologies 

Industrial wastewater contains a complex mixture of various organic and inorganic 

micropollutants, necessitating efficient and selective treatment technologies. Conventional 

treatment methods often fail to completely remove contaminants. As a result, advanced techniques, 

such as adsorption and membrane filtration, have emerged as promising alternatives for efficient 

wastewater treatment. 

Adsorption-based treatment relies on high-surface area materials to capture contaminants, while 

membrane filtration enables selective separation based on size exclusion and surface interactions. 

The performance of adsorbents and membranes is largely dictated by their surface properties, 

A REVIEW ON ATOMICALLY MODIFIED MATERIALS BY ATOMIC LAYER DEPOSITION FOR WASTEWATER 
TREATMENT

103

5



 

which govern adsorption affinity, permeability, and selectivity. ALD had been extensively explored 

as a post-modification strategy to enhance these properties, enabling precise atomic-level control 

over surface characteristics (Fig. 5.3). 

 

Figure 5.3. A schematic of atomic-scale modification of polymeric, ceramic membranes, and 

adsorbents by ALD. 

The post-modification by ALD involves the deposition of thin films to coat adsorbents and 

membranes, thereby tailoring their surface chemistry, pore size, and 

hydrophilicity/hydrophobicity. This single-step modification approach offers significant 

advantages over conventional methods, such as sol-gel processing, which often require multiple 

preparation steps and are associated with high material and processing costs. Moreover, ALD 

allows for the deposition of a wide range of function materials, including metal oxides, nitrides, 

and sulfides, onto both organic and inorganic substrates.  
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In this section, we systematically summarize the applications of ALD-modified adsorbents and 

membranes for wastewater treatment, emphasizing their improved performance in contaminant 

removal, selectivity, and long-term stability.   

5.3.2 ALD-modified adsorbents 

5.3.2.1 ALD-modified inorganic adsorbents with single photo-catalysts 

A variety of ALD-modified adsorbents have been reported in the literature for removal of (i) dyes 

(methylene blue, phenols); (ii) toxic, heavy metal ions (Arsenic, Chromium, Copper, Lead); (iii) 

antibiotics (ciprofloxacin); and (iv) oil from water (Fig. 5.4) [34]. The primary research focus has 

been ALD of photo-catalytically active materials, such as TiO2 and zinc oxide (ZnO), onto 

adsorbents to facilitate their in-situ regeneration via UV irradiation. This approach enhances the 

long-term stability and reusability of the adsorbents, thereby improving their service life and 

operational efficiency in wastewater applications. However, Dey et al. concluded that, after 

growing thin films of TiO2 on carbon fibers by ALD [49] and compared to both TiO2 and bare 

carbon fibers, the TiO2 films on carbon fibers also improved methylene blue (MB) adsorption on 

the surface, thus facilitating higher removal from water (Fig. 5.4a). Additionally, due to the 

photocatalytic properties of the deposited TiO2 films, the exposure to the UV-light photo-

catalytically degraded the adsorbed MB, thus regenerating the adsorption sites for the next 

cleaning cycle. Seo et al. have conducted a similar study in which they deposited TiO2 films on a 

porous silicon dioxide (SiO2) by ALD [50]. Although TiO2 deposition results in a decrease of the 

total surface area, compared to bare SiO2, it shows the same MB adsorption capacity as that of bare 

SiO2. However because after saturation, the active adsorption sites of the TiO2 deposited SiO2 

could be regenerated by annealing at 500°C, the overall performance of the ALD modified surface 

improves (Fig. 5.4b & c). Wang et al. coated SiO2 particles with TiO2 to compare the adsorption 
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of metal and metalloid ions on as-deposited TiO2 and annealed TiO2 [51]. It has been concluded 

that the, as-deposited TiO2 removes metal and metalloid ions more effectively than the annealed 

TiO2, which has been attributed to the larger surface area. Furthermore, the TiO2/SiO2 particles 

have a high sedimentation rate compared to the commercial TiO2 nanoparticles, facilitating the 

separation of the adsorbent from the wastewater. Jeong et al. deposited another photocatalytic 

material, ZnO thin films, on mesoporous SiO2 particles by ALD. ZnO/SiO2 particles have a lower 

surface area than SiO2 particles, but they show a higher adsorption capacity for MB compared to 

the bare SiO2 particles [52]. The photocatalytic properties of ZnO also degrade and desorb the 

adsorbed MB upon exposure to UV light, thus regenerating ZnO/SiO2.  

 

Figure 5.4. Enhanced performance and regeneration of ALD-modified adsorbents for contaminant 

removal. 

(a) SEM images showing conformal TiO2 coatings deposited on carbon fibres by ALD. Adapted 

with permission from [49]. 

(b) MB adsorption capacity of TiO2-coated SiO2 adsorbents as a function of ALD cycle number, 

illustrating the tunability of surface properties. Adapted with permission from [50]. 

(c) Regeneration of TiO2-coated SiO2 adsorbents through annealing at 500°C, demonstrating 

sustained adsorption performance. Adapted with permission from [50]. 
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5.3.2.2 ALD modification in organic adsorbents with composite catalysts  

An adsorbent that possesses a high density of functional adsorption sites for pollutants may not 

also possess photocatalytic activity to degrade the adsorbed species and regenerate the adsorbent 

for the next cleaning cycle, and vice versa. Therefore, Li et al. have come up with a composite 

catalyst (Mn3O4@ZnO/Mn3O4), which consists of a Mn3O4@ZnO photocatalyst and a Mn3O4 

adsorbent [53]. Mn3O4 nanoparticles have been prepared using a hydrothermal method, and 

subsequently, the nanoparticles were coated with ZnO by ALD. The photocatalyst shows a high 

activity towards the reduction of Cr (VI) species under sunlight irradiation, and the adsorbent 

facilitates the migration of the reduced species away from the active sites of the photocatalyst, 

finally resulting in  in a Cr (VI) reduction efficiency of 94% and total Cr removal of 92% in 70 

minutes under simulated sunlight irradiation. By employing the same preparation method, Li et al. 

have prepared a magnetic Fe2O3@ZnO composite photocatalyst for ciprofloxacin degradation 

[54]. The Fe2O3@ZnO composite photocatalyst exhibit a high adsorption and degradation 

efficiency, i.e. 92.5%, towards ciprofloxacin as compared to bare iron oxide (Fe2O3) and ZnO 

nanoparticles,  stemming from the enhanced surface area and zeta potential. A challenge in water 

purification by adsorbent powders is the complete separation of the powder from the liquid phase, 

e.g. to reuse it for further purification cycles. However, the Fe2O3@ZnO composite photocatalyst 

has magnetic properties, and, after each filtration cycle, the photocatalyst could be collected by 

applying a magnetic field, while retaining the photocatalytic degradation efficiency after six 

cycles. 

5.3.2.3 ALD modification of organic adsorbents 

Recently, ALD has also been utilized to modify organic adsorbents and carbon nanotubes for metal 

ions removal and oil-water separation. Mauro et al. have deposited ZnO on polyethylene 
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naphthalene (PEN) by ALD [55]. They have elucidated the properties of the ZnO films, deposited 

at different temperatures, and have observed that ZnO films can be grown even at a low deposition 

temperature of 40°C. Their results show that ZnO-modified PEN have a larger affinity towards 

MB and phenol degradation than pristine PEN. Short et al. ameliorated the oil sorption capacity of 

cellulose by ALD of Al2O3 [56]. Compared to the untreated cellulose, modified cellulose exhibits 

a 35 times larger oil sorption capacity. Xiong et al. have deposited ZnO on melamine foams by 

ALD for oil adsorption [57]. They have observed that the deposited ZnO film also incorporates 

organic components. As a result, the film becomes hydrophobic (water contact angle: 86°), 

whereas, smooth wurtzite ZnO films are typically hydrophilic with a water contact angle of less 

than 20°. Therefore, they have subsequently carried out a calcination step at 600°C, changing the 

surface properties to hydrophilic (water contact angle of 16°). However, they have used the organic 

moieties-induced hydrophobicity to their advantage and have produced oil adsorbents of high 

stability and capacity. You et al. have modified multiwalled carbon nanotubes (MWCNTs) firstly 

by ALD of Fe2O3, in order to introduce magnetic properties, and then subsequently by 

polyethyleneimine (PEI) [58]. PEI provides a high density of amine groups for adsorption of 

Cr(VI). The adsorption capacity of the modified MWCNTs has been reported to be 42.8% higher 

than MWCNTs modified with Fe2O3 nanoparticles alone. 

5.3.2.4 ALD modified adsorbents from waste materials  

ALD has also been employed to modify industrial waste materials to use them as adsorbents for 

wastewater treatment. Iakovleva et al. compared the arsenic (III) and (V) removal efficiencies of 

two solid waste materials, i.e. industrial sand and sulfate tailings, by modifying them with two 

different techniques: (i) NaOH modification; and (ii) ALD. TiO2 and Al2O3 deposited on industrial 

waste materials by ALD show a two-times higher arsenic removal efficiency than the materials 
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modified with NaOH to activate iron compounds and generate -OH functional groups [59]. Wang 

et al. have deposited Al2O3 on biochar by ALD to improve its surface hydrophilicity [60]. Although 

the results demonstrate that the Al2O3 coating result in an increase in adsorption sites at the expense 

of surface area, the Al2O3-modified biochar show a higher removal efficiency for MB than the 

pristine biochar. In this study, the effect of the surface charge of modified biochar on the interaction 

of MB has also been analyzed with the conclusion that at a low pH of 5, the high concentration of 

H3O+ ions competitively saturates the adsorption sites, resulting in a decrease of MB adsorption, 

whereas at a high pH of 9, the concentration of H3O+ ions decreases, and the adsorption of MB is 

relatively high, i.e. ca. 90%. Iakovleva et al. have also employed ALD to modify the surface of 

metallurgical solid waste materials, i.e. sulfate tailings, but this time with Al2O3 [61] , with the 

conclusion that the modified adsorbent selectively removes 97% of cyanide compounds from 

synthetic acidic wastewater.  

The aforementioned applications highlight the importance of ALD for modification of both organic 

and inorganic adsorbents. Table 5.1 presents a comparison of these adsorbents. 
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Table 5.1. ALD-modified adsorbents and their properties for degradation of various water 

contaminants. 
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5.3.3 ALD-modified Organic membranes 

Because ALD can be performed at low-deposition temperatures, typically in the range of 50-400°C 

[29], the modification of materials with low thermal stability such as polymeric materials is 

enabled (Fig. 5.5). In membrane technology, polymeric membranes have the highest market share 

in the industrial wastewater treatment industry. Numerous research groups have attempted to 

ameliorate the surface properties of the polymeric membranes by ALD post-treatment [62]. ALD 

on/in polymeric membranes was found to: (i) enhance hydrophilicity [27], (ii) reduce pore size 

[63], (iii) modify surface charge [26], (iv) improve fouling resistance [64], and (v) improve 

mechanical properties. As a consequence, ALD-modified polymeric membranes offer higher 

contaminant rejection than unmodified membranes.  

 

Figure 5.5. Performance enhancement of polymeric membranes via ALD for contaminant removal. 

(a-c) SEM, TEM, and EDS images of ALD coated membranes with ZnO, Al2O3, TiO2, and SnO2. 

Adapted with permission from [65]. 

(d) Pure water flux and PS retention of Al2O3-coated PTFE membranes as a function of ALD cycle 

number. Adapted with permission from [26]. 
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(e) Pure water flux and BSA retention of TiO2-coated PVDF membranes as a function of ALD 

cycle number. Adapted with permission from [66]. 

(f) Pure water flux and SiO2 retention of TiO2-coated PP membranes as a function of ALD cycle 

number. Adapted with permission from [67].  

(g) Pure water flux and SiO2 retention of Al2O3-coated PP membranes as a function of ALD cycle 

number. Adapted with permission from [68]. 

5.3.3.1 Enhanced permeability: ALD of Al2O3 

To the best of our knowledge, Li et al. have published the first report on the ALD of Al2O3 on 

polymeric substrates for wastewater treatment [63]. They have utilized track-etched polycarbonate 

membranes of a nominal pore size of ca. 30 nm. After 100 cycles of ALD of Al2O3, the pore size 

has been reduced to ca. 20 nm with an enhancement in surface hydrophilicity. The reported growth 

rate of 0.8 Å per cycle confirms that the deposition process proceeds in a self-limiting manner, 

characteristic of ALD. This study has further shown that the membranes modified with less ALD 

cycles (<50) results in an around 20% increase in bovine serum albumin (BSA) retention compared 

to unmodified membrane, and at only a slight expense of pure water permeability (PWP). 

However, further increase in the number of ALD cycles results in a gradual increase in BSA 

retention at the cost of a larger decline in PWP. However, after 100 ALD cycles, the PWP was 

reduced only to 5 L·h⁻¹·m⁻²·bar⁻¹, compared to ca. 12 L·h⁻¹·m⁻²·bar⁻¹ for unmodified membranes. 

Xu et al. have attempted to explore this phenomena further by depositing Al2O3 on 

polytetrafluoroethylene (PTFE) membranes with a pore size of 200 nm [26]. They have found that 

during the initial 10-50 ALD cycles, Al2O3 nucleation and growth occurs predominantly within the 

pores; while at 50-200 cycles, nucleation shifted to the surface. After just 20 cycles, the PWP 

increases, by 67.7% compared to the pristine membrane, due to improved hydrophilicity from 
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Al2O3 growth on the pore walls. When increasing the ALD cycles to 50 the modified membrane 

still maintains the PWP but the retention of polystyrene nanospheres (kinetic diameter: 190 nm) is 

enhanced to 96.7%; whereas, increasing the ALD cycles beyond 100 drastically reduced the PWP 

(Fig. 5.5d). This study highlights the importance of choosing ALD parameters carefully to 

optimize the properties of membranes. Attempts have also been made to convert hydrophilic 

surfaces to hydrophobic ones; Kong et al. have converted the surface of a filter paper sheet (pore 

size: 20-25 µm) from hydrophilic to hydrophobic in two steps [69]. First, they have performed 

ALD of Al2O3, and secondly coupled silane molecules onto the precoated Al2O3 layer. After 90 

ALD cycles, the modified filter paper then shows a lower PWP but a higher permeability to various 

oils than the unmodified filter paper.  

5.3.3.2 Enhanced selectivity: ALD of TiO2  

In another study, Alam et al. have deposited TiO2 exclusively on the surface of the PES  membranes 

[70]. The deposition has resulted in a smoother membrane surface, with NaCl rejection improving 

more than fourfold to over 90%, albeit with ca. 30% reduction in pure water flux. PTFE is highly 

inert and hydrophobic without the presence of functional groups, which can result in island-type 

growth during ALD. To circumvent this problem, Xu et al. have, therefore, introduced an 

intermediate plasma treatment step to activate the PTFE membrane before ALD of TiO2 [64]. They 

have used the same PTFE membrane of pore size of 200 nm as used by Xu et al. [26]. Compared 

with the untreated PTFE membrane, the 150 cycles of ALD deposition on the activated membrane 

has resulted in a continuous thin film of TiO2 with an increase in PWP by 154% compared to the 

pristine membrane. Additionally, the retention of monodispersed SiO2 nanospheres (kinetic 

diameter: 142 nm) has increased to ca. 33%. In a similar study, Xu et al. have also deposited TiO2 

in the form of conformal thin layers on polypropylene (PP) membranes (pore size: 45 nm) by ALD 
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[67]. This was achieved by the aforementioned plasma pre-treatment to activate the surface of the 

pristine PP membranes by the formation of active groups on the pore walls. As a result, the film 

growth was highly conformal and the plasma-treated ALD membranes had a higher hydrophilicity 

than the non-treated ALD membranes (Fig. 5.5f). Wang et al. have deposited TiO2 on 

polyvinylidene fluoride (PVF) UF membranes via ALD [66]. They observed that upon increasing 

the number of ALD cycles, the PWP first decreased, followed by a sharp increase, which peaked 

at 120 cycles, and then finally decreased (Fig. 5.5e). They thus concluded that the optimum number 

of ALD cycles for obtaining a membrane with the best PWP and BSA retention is 120 cycles. They 

also elucidated the effect of exposure time on the formation of the TiO2 film. Their results have 

shown that even a very short exposure time of 0.5 seconds facilitates greater diffusion of the 

precursors into the substrate membrane, which results in a thicker film deposition but at the 

expense of PWP.  

The aforementioned plasma activation of the inert porous substrates is an energy-intensive process. 

Therefore, Chen et al.  have invented an alternative activation step for PP membranes (pore size: 

43 nm) by using a nitric acid bath [68], which enriches the surface with oxygen and nitrogen-

containing active groups that  can readily react with the precursors of the ALD process to produce 

conformal thin films on inert surfaces. Compared to the bare membrane, the modified membranes  

have shown a higher PWP and a higher retention of SiO2 nanospheres (kinetic diameter: 12nm). 

5.3.3.3 Enhanced separation performance: ALD of ZnO 

In a different pre-treatment approach, Li et al. have deposited ZnO on PVF membranes (pore size: 

200 nm) by employing a pre-treatment step in the ALD chamber [71]. In the first case, a ZnO-like 

layer has been deposited on the surface of the PVF membrane by employing 10 cycles of nitrogen 

dioxide and diethyl zinc precursors prior to the actual deposition of ZnO by diethyl zinc and H2O 
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precursors. In the second case, the ALD has been carried out without the deposition of the ZnO-

like layer beforehand on the surface. Results show that the activation step prior to the ALD results 

in the formation of uniform films with a high PWP and BSA retention compared to the membranes 

that were modified by ALD without pre-treatment. 

Juholin et al. have treated mine wastewater by modifying commercial NF membranes, NF90 

(polyamide) and NF270 (polypiperzine), with ALD to deposit a ZnO thin film [72]. The modified 

membranes is less susceptible to reversible fouling; however, the ZnO thin film has not any effect 

on irreversible fouling. ALD modified membranes are also used for oil/water separation. Yang et 

al. have prepared oil-repellant membranes by ALD of several oxides (ZnO, Al2O3, TiO2, and SnO2) 

on PVF membranes (pore size: 200 nm) [65]. The have found that, among all the oxides, TiO2 and 

SnO2 surfaces have higher water molecule densities near the surface and thus stronger interactions 

with water (Fig. 5.5a-c). Consequently, a hydration layer is formed, which acts as a crude oil-

repellant, hence limiting fouling by restricting direct contact between oil and surface. Zhou et al. 

have deposited TiO2 on commercial RO and NF membranes [25]. The ALD cycles have been kept 

low to minimize the loss of PWP while maximizing the selectivity towards salts such as NaCl, 

CaCl2, and Na2SO4. Their results have demonstrated that high ALD cycles result in the formation 

of a nonporous dense layer, which greatly reduces the PWP. However, low ALD cycles (< 5) result 

in a high PWP and a high salt rejection. Huang et al. have used ALD in conjunction with the 

hydrothermal method to prepare ZnO nanowires on copper mesh for oil/water separation [73]. 

Under gravity-driven oil/water separation, a ZnO modified copper mesh have achieved a high 

separation efficiency of 97% coupled with a good stability in acidic, salty, and alkaline solutions. 
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5.3.3.4 ALD integration with computational fluid dynamics 

Most of the ALD studies have aimed to find the optimum ALD condition (precursor dose time, 

exposure time, etc.) via the trial-and-error method. Xiong et al. have taken a systematic approach 

and have employed computational fluid dynamics to find the optimum conditions for ALD of 

Al2O3 on PTFE membranes [74]. After 100 cycles of ALD, hydrophobic membranes have been 

converted into hydrophilic membranes. By keeping the ALD cycles to a minimum, the trade-off 

between permeability and selectivity has been reduced, and the modified membranes have had 

both improved permeability and selectivity. Itzhak et al. have deposited alumina on two polymeric 

UF membranes, namely polyacrylonitrile and polyetherimide [75]. They have examined the effect 

of precursor exposure time on membrane performance. With short exposure times, a substantial 

layer of Al2O3 is formed primarily at the membrane surface, leading to pore blockage and a 

corresponding reduction in PWP. In contrast, longer exposure times allows the Al2O3 to distribute 

more uniformly across the membrane cross-section, preventing pore blockage and resulting in 

improved PWP. Membranes, modified with a low number of ALD cycles (10-30) and longer 

exposure times (10 seconds), exhibit a reduced oil coverage during oil/water emulsion separation 

and demonstrate effective fouling removal during crossflow cleaning. 

The aforementioned applications and Table 5.2 highlight the usefulness of ALD for modifying the 

properties of polymeric membranes. Depending on the application, hydrophilic, hydrophobic, 

highly permeable, or highly selective membranes can be tailored. However, care must be taken to 

keep the ALD cycles to a minimum and allow the precursors to diffuse through the porous 

membrane to achieve both a high permeability and selectivity.   
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Table 5.2. ALD-modified organic membranes and their water filtration characteristics. 
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5.3.4 ALD-modified Inorganic Membranes 

The application of ALD for the modification of ceramic membranes is in its early stages of 

development (Fig. 5.6). From a wastewater treatment applications’ perspective, ceramic 

membranes have gained attention due to their stability across temperature, pH, and pressure 

gradients [10]. Additionally, they offer a high PWP in comparison to organic membranes, which 

is highly desirable for large-scale industrial applications [11]. 

 

Figure 5.6. Performance enhancement of ceramic membranes via ALD. 

(a-i) Cross-sectional SEM images and corresponding EDS spectra of Al2O3-coated ZrO2-Al2O3 

membranes deposited with 600 ALD cycles at varying precursor exposure times: (a, d, and g) 0s; 

(b, e, and h) 10s; (c,f, and i) 40s. Adapted with permission from [76].  

(j) Water permeability of TiO2-coated TiO2-Al2O3 membranes as a function of ALD cycle number. 

Adapted with permission from [77].  

(k) Pure water flux of ZnO-coated ZrO2-TiO2 membranes of different nominal pore sizes as a 

function of ALD cycles. Adapted with permission from [78]. 
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5.3.4.1 Tailoring pore structure and selectivity: ALD of Al2O3  

In comparison with the sol-gel technique, the application of a selective layer on ceramic 

membranes by ALD can result in (i) processing costs reduction, (ii) precise structural control of 

the selective layer, and (iii) precise pore size reduction of the ceramic membranes [42]. To the best 

of our knowledge, the pioneering work on the modification of commercially available ceramic 

membranes for wastewater treatment has been performed by Li et al. in 2012 [76]. They have 

utilized a commercially available Al2O3 MF membrane with a zirconia (ZrO2) selective layer (pore 

size: 50 nm), produced by JIUWU HI-TECH China, and have modified its pore size by the ALD 

of Al2O3. They have coated the membranes with different ALD cycles and have observed that upon 

600 cycles, an ultrathin layer of Al2O3 is formed adjacent to the surface of the ZrO2 layer. SEM 

analysis has revealed that the new layer consists of a dense sublayer in tandem with a transition 

sublayer, forming a selective layer in the form of a thin film coating around the ZrO2 particles. 

Additionally, they have discovered that allowing the precursors to stay in the chamber after dosing 

allows the precursors to diffuse into longer depths in the pores (Fig. 5.6a-i). Membrane 

performance tests show that the modified membrane has a PWP of 118 L·h⁻¹·m⁻²·bar⁻¹ and a BSA 

retention of 97%, thus proving the presence of small pores in the newly formed selective layer. 

Consistent with previous studies, trade-off between selectivity and permeability has been 

observed, because the membranes, modified at a lower number of ALD cycles, i.e., 100, 200, 300, 

and 400, have a comparatively high PWP but a lower BSA retention. 

5.3.4.2 Engineering nanoporous selective layers: ALD of TiO2 

If the kinetic diameter of the precursors is larger than the pore size of the substrate, then precursors 

do not diffuse into the membrane pores. Similarly, if the pore size is slightly larger than the kinetic 

diameter of precursor molecules, then once a thin film is formed in the pores of the support 
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membrane, after the first few ALD cycles, further diffusion of the precursor molecules is hindered 

due to narrowing of the pore aperture [12]. The subsequent thin film layer, deposited on the surface 

of the membrane, then leads to pore blocking, adversely affecting the PWP. Thus, either the thin 

film is only formed in the pores of the membrane or the newly formed surface layer must be 

sufficiently porous to avoid huge reduction of the PWP of the membrane. Chen et al. have 

developed a strategy to convert the dense surface layer into a microporous layer [79]. They have 

utilized a modified ALD process that relies on alcohols rather than water as the oxidizing precursor 

and have deposited a thin film of titanium alkoxide in the pores and also on surface of the α- Al2O3 

ultrafiltration membrane, having a TiO2 selective layer (pore size: 5 nm). In a subsequent 

calcination process, they have burned off the organic moieties, thus generating a microporous TiO2 

layer. They have observed that after 300 cycles of ALD and a calcination step at 400°C for 2 h, the 

initial ultrafiltration membrane is converted into a nanofiltration membrane having a pore size of 

1.3 nm, water permeability of 30 L·h⁻¹·m⁻²·bar⁻¹, and polyethylene glycol molecular weight cut-

off of 680 Da. Shang et al. have modified the active pore size of the commercial Al2O3 NF 

membranes having a TiO2 selective layer (pore size: 0.7 nm) by AP-ALD [24]. They have reported 

that after 1-3 cycles of AP-ALD of TiO2, the size of the active pores, present on the surface of the 

membrane, decreases from 0.7 nm to 0.5 nm. Consequently, after 3 cycles, the PWP reduces from 

26 L·h⁻¹·m⁻²·bar⁻¹ to 11 L·h⁻¹·m⁻²·bar⁻¹, and the polyethylene glycol molecular weight cut-off 

reduces from 490 Da to 277 Da. The reported PWP values are higher than the commercial 

polymeric NF90 and NF270 NF membranes and sol-gel-made tight ceramic nanofiltration 

membranes, thus proving the effectiveness of ALD for ceramic membrane modification. 

ALD has also been used to impart photocatalytic properties to ceramic membranes for degradation 

of organic dyes. Berger et al. have coated commercially available anodized Al2O3 MF (pore size: 
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200 nm) and UF (pore size: 20 nm) membranes with TiO2 by ALD for photocatalytic degradation 

of MB [80]. The PWP of the MF membrane decreases from 3800 L·h⁻¹·m⁻²·bar⁻¹ to 2300 

L·h⁻¹·m⁻²·bar⁻¹ upon coating a TiO2 layer of 6 nm in thickness, and that of UF membrane from 

1100 L·h⁻¹·m⁻²·bar⁻¹ to 400 L·h⁻¹·m⁻²·bar⁻¹ upon coating a layer of 15 nm in thickness, 

respectively. Subsequently, they have observed that the removal of the MB from the feed increases 

with increasing thickness of the coating layer up to a certain extent. For the UF membrane, the 

removal efficiency increases up to a coating thickness of 6 nm, but beyond that point, the layer 

thickness is no longer the limiting factor. In another report, published by Chen et al., TiO2 has been 

deposited on a commercial α- Al2O3 UF membrane having a TiO2 selective layer (pore size 5 nm) 

[77]. They have operated ALD in the non-exposure mode, avoiding the diffusion of the precursors 

in the pores of the membrane, allowing the  deposition to take place in the near-surface region 

only, and  avoiding pore narrowing and the resultant decrease of the PWP. After 40 cycles of ALD, 

the polyethylene glycol MWCO decreases from 7200 Da to 890 Da, and the PWP decreases from 

100 L·h⁻¹·m⁻²·bar⁻¹ to 32 L·h⁻¹·m⁻²·bar⁻¹, respectively (Fig. 5.6j). Furthermore, they have 

observed that if the membrane and target molecules have the same charge, it results in a higher 

retention of the molecules due to electrostatic repulsion. After 40 cycles of ALD, the membrane 

exhibit a rejection of ca. 93% for negatively charged dyes (Rose Bengal and Reactive Black 5), 

whereas, the rejection for positively charged dye (Cationic Yellow X-2RL) is only 42%, 

respectively. 

5.3.4.3 Emerging applications in photocatalysis: ALD of ZnO 

The studies on ALD of ZnO are scarce. Recently, Park et al. have deposited a photocatalytically 

active  ZnO film on the Sterlitech USA ZrO2-TiO2 membrane (pore size: 200 nm, 800 nm), and 

have tested it for the degradation of the 4-cholorobenzoic acid [78]. They have observed a decrease 
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of the PWP of the membranes after the ZnO deposition (Fig. 5.6k). However, the deposited ZnO 

has shown a higher degradation activity compared to the bare membrane. In addition, the 

accumulation of the 4-cholorobenzoic acid on the bare membrane has resulted in the formation of 

a biofilm, which greatly reduces the PWP of the bare membrane. In contrast, the ZnO deposited 

membrane alleviates the formation of biofilm, consequently maintaining the intrinsic PWP. 

The aforementioned studies highlight the importance of ceramic membrane modification by ALD. 

The current research focus has been on oxide ceramic materials. Furthermore, a comparison of 

these membranes is presented in Table 5.3.  
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Table 5.3. ALD-modified ceramic membranes and their water filtration characteristics. 
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5.4 Challenges and Opportunities 

The applications, highlighted in this review, depict that atomically engineered materials for 

wastewater treatment can be realized with the help of ALD. Highly conformal coatings ranging in 

thickness from several angstroms to nanometres can impart desirable properties to materials 

without changing the fundamental chemistry of the materials [81]. Based on the literature review, 

the following sub-sections serve as a guide for interested researchers highlighting potential 

research areas.  

5.4.1 Structural considerations 

The ALD on/in porous structures comes with its own challenges. Unlike flat non-porous substrates 

used in the semiconductor industry, porous substrates are characterized by having: (i) high aspect 

ratios [82-84]; (ii) varying pore size distribution [85]; (iii) different geometry of pores on the 

surface and in the bulk of the material [86]; and (v) accessible/inaccessible (open/closed) pores 

[87]. Therefore, before proceeding to ALD, the aforementioned characteristics of the material must 

be studied with available characterization techniques. Once a proper understanding has been 

established, then precursors with adequate kinetic diameter (smaller than pore aperture) should be 

selected to ensure sufficient diffusion of the precursors [88, 89]. To facilitate greater diffusion of 

precursors, ALD must be operated in exposure mode [90]. In principle, this would result in the 

formation of a conformal thin film on/in the substrate. The deposition cycles should be set to a 

minimum so that there is not a high loss of PWP, and an optimum between permeability and 

selectivity can be achieved. 

5.4.2 Pre-treatment of substrate 

The precursors in ALD half-cycles react with functional groups of the surface. If a material’s 

surface has a high density of functional groups, then the deposition will proceed in the form of a 
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continuous thin film. However, the absence of functional groups will lead to the growth of material 

in the form of distinct islands, which will subsequently coalesce to form a film, mainly when the 

material-to-be-deposited differs from  the substrate  [19] [91].  

We found only a few studies that reported the adhesion strength of the film on the substrate [92-

94]. This element should not be ignored while designing experiments and should be tested and 

reported. 

ALD can be carried out at low-deposition temperatures, so various materials can be modified. If 

the substrate material is inert, e.g. polymeric material, then a pre-treatment step should be included 

to render the material reactive. Several strategies could be utilized for this purpose, namely, plasma 

pre-treatment step, chemical activation, or even an activation step in the ALD chamber utilizing 

different precursors. 

5.4.3 ALD materials of focus 

Critical analysis of the ALD literature for wastewater treatment applications shows that the main 

focus of the majority of research groups is on oxide materials (Al2O3, TiO2, ZnO, ZrO2) [95]. 

However, expanding the list of deposition materials to carbides and nitrides could have the 

advantage of preparing adsorbents and membranes with improved hydrophilicity, highly negative 

charge, and low fouling [41, 96].  

5.4.4 Simulation studies 

Most of the conducted studies try to find the optimum deposition conditions via the trial-and-error 

method. This is a time-consuming process and often results in suboptimal deposition conditions. 

Therefore, we propose that simulation studies should precede ALD experimental studies. The 

simulation studies, e.g. through computational fluid dynamics and density functional theory, would 

give insights about: (i) suitable precursors; (ii) the behavior of the precursors in the reaction 
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chamber; (iii) reaction kinetics; and (iv) confirm self-limiting nature of reactions [40, 43]. This 

allows to select the best precursors and deposition conditions for the particular application.    

5.4.5 In-situ characterizations of thin films 

The porosity and pore size of the porous materials decreases as a function of the deposition cycles 

in the ALD furnace/chamber. However, currently, in situ measurements of pore size are not 

available. Usually, a Si wafer is placed next to the substrate in the ALD chamber, and the thickness 

of the film as a function of deposition cycles is measured on the silicon wafer via ellipsometry [97, 

98]. The growth behavior on a Si wafer will be different than a porous material due to different: 

(i) coefficient of thermal expansion; (ii) functional groups; and (iii) lattice mismatch. We therefore 

propose that ALD chambers must be manufactured with in-situ techniques that can measure the 

change in porosity, pore size, or stoichiometry of the film. 

5.4.6 Scalability for mass production 

ALD has already been commercialized for the production of wafers. However, the 

commercialization of ALD for manufacturing membranes or sorbents will still need considerable 

efforts. In our opinion, atmospheric pressure-ALD has the highest potential to be scaled-up to mass 

production for wastewater treatment applications [24, 99].  

5.5 Conclusions 

Urban and industrial sectors produce millions of cubic meters of wastewater per annum, which 

frequently undergoes minor or no treatment before it is discharged. This, in conjunction with water 

scarcity, leads to water stress which, is a major societal concern. This problem can be tackled by 

nanoscale engineering of wastewater treatment materials (membranes and adsorbents). Recent 

breakthroughs in manufacturing methods have paved the way to coat porous materials with 
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ultrathin films to alter their surface properties and pore size. Consequently, rationalizing the design 

of porous materials with exceptional filtration capabilities. 

ALD can deposit a thin film of variety of materials on a substrate of any geometry, for instance 

porous materials. The technique is, therefore, being currently explored for modification of 

membranes and adsorbents. ALD is employed as a post-modification step to coat wastewater 

treatment materials with a functional thin film of a desired material. The material to be coated is 

chosen on the basis of the properties required for a particular application, for example 

hydrophilicity, pore size, and surface charge. This opens up new routes for preparing wastewater 

treatment materials with precise pore size, surface charge, permeability, and selectivity. 

All the advances reported in this review illustrate the potential of ALD to obtain porous materials 

with high filtration efficiency. Results of various studies demonstrate that ALD-modified materials 

possess superior wastewater filtration characteristics than unmodified materials. The interest of 

wastewater treatment research groups all over the world in ALD has pushed forth the boundary of 

knowledge. However, there are challenges and opportunities to be addressed for 

commercialization of ALD processes for modifying membranes and adsorbents. 
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Chapter 6 Conclusions and future research directions 

6.1 Conclusions 

In this thesis, LP-CVD to fabricate SiC coated Al2O3 membranes has been explored. Al2O3 

supports were used and the deposition conditions were systematically varied to reduce pore size 

and achieve robust SiC coated Al2O3 membranes. Finally, the SiC coated Al2O3 membranes were 

evaluated for their stability in a membrane cleaning solution (NaClO) and their SO4
2- ion retention 

performance. Building upon prior research within the Water Management department at Delft 

University of Technology, particularly the works of Shang [1] and Chen [2], in this thesis the 

following key research questions have been addressed: 

1.  What are key findings in literature regarding LP-CVD modification of ceramic membranes for 

wastewater treatment? 

2. How to prepare chemically robust SiC coated Al2O3 membranes using the available LP-CVD 

setup? 

3. What is the smallest pore size achievable for SiC coated Al2O3 membranes by LP-CVD, and 

what is the SO4
2- retention?  

4. How can the limitations of LP-CVD in preparing ceramic nanofiltration membranes be 

overcome by ALD?  

Overall, our findings demonstrate that LP-CVD is a promising technique for ceramic membrane 

modification, offering single-step SiC coating that enables pore size control and surface charge 

modification. Unlike sol-gel methods, LP-CVD circumvents the need for high temperature 

sintering (ca. 2100°C) [3]. However, LP-CVD inherently struggles to deliver angstrom-level 

thickness precision required to coat and modify RO and NF membranes. By contrast, ALD 

employs sequential and self-limiting surface reactions that deposit one monolayer per cycle. 
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Consequentially, offering atomic-scale control over coating thickness and exceptional 

conformality even within complex pore networks. As a result, ALD has the potential for post-

treating RO and NF membranes to tune pore size, enhance chemical and mechanical stability, and 

impart antifouling functionality without loss in permeance.  

In the following sections, specific conclusions corresponding to the research questions are 

outlined.  

6.1.1 Influence of LP-CVD parameters 

In chapter 3 LP-CVD conditions that affect the chemical robustness of SiC coatings have been 

evaluated by comparing two Al2O3 supported membranes bearing SiC coatings of equal thickness 

(ca. 9 µm): (i) SiC-7 (low-temperature) with a  SiC coating  carried out at a temperature of 750°C, 

a pressure of 600 mTorr, and a deposition time of 60 min; (ii) SiC-8 (high-temperature) with a SiC 

coating carried out at a temperature of 860°C, a pressure of 100 mTorr, and a deposition time of 

30 min. 

Both SiC coated membranes were subsequently aged in NaClO solution for 200 hours to simulate 

oxidative cleaning. From these experiments it can be concluded that at  the SiC-8 was robust with 

strong bonding to the Al2O3 support. After NaClO exposure, this membrane retained its permeance 

and original pore structure, demonstrating excellent chemical stability. The SiC-7 had  a poor 

bonding to the Al2O3 support. Under the same ageing conditions, this coating delaminated and lost 

permeance, indicating poor durability. 

These results underscore that high temperature LP-CVD is essential for obtaining chemically 

stable SiC coatings capable of undergoing multiple NaClO cleaning cycles, thereby extending the 

service life of the SiC coated ceramic membrane. 

6.1.2 Limits of LP-CVD for pore size reduction 
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Chapter 4 reports on the intrinsic limits of LP-CVD in modifying ceramic membrane pore sizes 

into the NF and RO regime. Using a commercial 20 nm nominal pore size Al₂O₃ support (measured 

pore size 13 nm), a 38 min SiC deposition reduced the mean pore diameter to approximately 7 nm. 

Increasing the deposition time beyond this threshold even led to complete pore clogging. This 

behavior reflects the lack of atomic-scale control over coating thickness and a fundamental 

limitation of LP-CVD in fabricating NF and RO membranes.  

6.1.3 Sulphate ion rejection of SiC coated membranes 

In chapter 4 also the SO4
2- ion rejection of the SiC coated membrane in both deionized  water and 

with a NaCl salt solution has been evaluated. Despite a large average pore size of 7 nm, the 

membrane’s strongly negative surface charge (zeta potential ca. -67 mV at pH 7) enabled high 

SO4
2- rejection of ca. 79% at low feed ionic strengths, e.g. 2 mM Na2SO4. The high rejection was 

attributed to Donnan exclusion, where overlapping electric double layers within the pores repel 

co-ions. However, as feed ionic strength increased to 20mM, the Debye length contracted, thus 

preventing double layer overlap within the pores and SO4
2- rejection decreased to 34%. 

6.1.4 Transition from CVD to ALD 

In CVD, growth rate of a material is temperature and time dependent. Varying deposition time 

allows control over growth rate to a certain degree. However, the growth rate cannot be monitored 

and controlled on atomic level. Consequentially, it remains a challenge to tailor pore size to the 

NF range due to pore clogging [4]. In contrast, the growth of a material per cycle in ALD is one 

atomic layer thick. The deposition is carried out at even lower temperatures than CVD, and a range 

of materials can be deposited on porous substrates [5]. ALD therefore presents a viable alternative, 
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offering precise atomic-level growth in a self-limiting manner to avoid excessive porosity loss and 

tune down pore size to the nanofiltration range [6, 7].  

6.2 Future research directions 

Based on the research findings of this thesis, the following research directions have been proposed 

to advance the technology and commercialization of ceramic membranes.  

6.2.1 Improved ceramic membrane supports 

Achieving consistent pore narrowing into the UF or NF regime requires membrane supports with: 

(i) an intrinsically narrow pore size distribution; and (ii) a defect free architecture [8]. Broad pore 

size distributions can lead to unintended increase in the average pore size post LP-CVD 

modification due to selective clogging of the smaller pores [9]. Therefore, membrane supports 

must be improved by precise controls, such as controlled sintering protocols, or template-assisted 

synthesis, to produce high quality defect free substrates. 

Another or complementary strategy to circumvent the problem could be to operate LP-CVD under 

homogeneous deposition conditions, whereby the local deposition rate is proportional to pore 

volume. In this regime, larger pores accumulate proportionally more material and smaller pores 

less, effectively transforming a broad initial pore size distribution into a narrow and uniform pore 

size distribution [10]. This volume proportional growth, therefore, ensures that all pores are 

simultaneously reduced toward the same target diameter.  

6.2.2 Novel ceramic coating materials 

In the literature, membrane-coating research has centered on oxide ceramic coatings, such as 

alumina, or titania, due to well-established reaction mechanisms and precursor availability [11]. 

However, in the interest of the membrane community, expanding studies to non-oxide ceramics, 
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such as carbides or nitrides ceramics can offer new combinations of chemical resistance, 

mechanical durability, and tailored surface charge for specialized separation applications. As 

demonstrated in this thesis with SiC coatings on Al2O3 supports, carbide ceramic coatings can be 

deposited via LP-CVD to produce robust coated ceramic membranes. Similar strategies could be 

adapted to other carbide and nitride systems by studying their reaction chemistry and identifying 

novel precursors. This will, consequentially, enable membranes with tailored pore size and surface 

charge for demanding separations, such as organic solvent nanofiltration and gas-liquid catalysis. 

Additionally, conductive ceramic coatings can function as ion-selective interfaces, thus expanding 

membrane roles in energy storage systems.  

6.2.3 In-situ characterization techniques 

It is difficult to estimate the pore size of the membrane during the coating deposition process. 

However, the pore size is an important control parameter as it determines the steric properties of 

the membrane. Currently, the thickness of the coating is measured on Si wafers after the process 

has been completed [12], limiting real-time control. Developing in-situ monitoring techniques, 

such as spectroscopic ellipsometry, quartz crystal microbalance, or optical interferometry, would 

permit monitoring pore size evolution during the deposition process and enhance reproducibility 

and optimization of LP-CVD and ALD processes.  

6.2.4 Optimized deposition furnaces 

Vapor deposition techniques are predominantly optimized for semiconductor applications [13], 

whereas their adaptation for ceramic membranes remains underdeveloped. Existing furnaces are 

designed for Si wafers, lacking configurations suitable for tubular and flat-sheet membranes. 

Future research should focus on designing furnaces with uniform thermal profile, controlled gas 

flow dynamics, geometry adaptability and in-situ diagnostics for efficient membrane coating. By 
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integrating these requirements, next-generation furnaces can deliver high quality ceramic coatings 

to accelerate the translation of LP-CVD and ALD into commercial wastewater treatment 

technologies.  

6.2.5 Advanced pore size measurement techniques 

Accurate pore size characterization is important for evaluating ceramic membrane performance. 

Conventional membrane pore size characterization techniques, such as gas adsorption/desorption 

isotherms, permporometry, mercury intrusion porosimetry and liquid displacement methods 

exhibit significant drawbacks. Gas adsorption methods take into account both open and closed 

pores, thus leading to overestimation of permeable pore volume. Permporometry’s reliance on 

liquid wetting agents can introduce errors if the liquid evaporates or fails to fully infiltrate the pore 

network. Mercury intrusion porosimetry not only poses various health and environmental hazards 

but may also damage brittle ceramic structures under high pressures. Capillary flow porometry, 

while non-destructive, requires rigorous pore wetting and cannot detect dead-end or highly 

tortuous pores accurately. Additionally, the hardness and brittleness of ceramic membranes 

complicate sample preparation, contributing to inter-method variability and undermining 

comparability of results [14]. No single technique currently spans the full range of all three 

filtration regimes (MF, UF and NF). Future efforts should be directed toward studying standardized 

and non-destructive protocols, such as positron annihilation lifetime spectroscopy and synchrotron 

radiation, for reliable and comprehensive understanding of pore structures. 
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