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Abstract

Ceramic membranes are gaining more and more attention due to their inherent advan-

tages compared with polymeric membranes. Their high thermal, mechanical and chem-

ical stability make them more applicable in treating e.g. corrosive and hot wastewater.

With their small pore sizes, the ceramic tight ultrafiltration (tight UF) membranes show

a greater selectivity than ceramic UF or microfiltration (MF) membranes. However, low

permeability and unstable membrane quality were observed using most commercially

available ceramic tight UF membranes.

Atomic layer deposition (ALD), have come up as an important technique for deposit-

ing thin films, and have turned out to be a good potential alternative to produce tight UF

ceramic membranes from ceramic UF or MF membranes, due to its capability of con-

trolled deposition of a one single atom layer film.

In this study, we explored the potential of ALD in the fabrication of tight UF ceramic

membranes from normal sol-gel made UF ceramic membranes with various initial pore

sizes. Since the resistance against flux within a porous membrane is mainly from the

separation layer, we primarily focused on the coating depth of the coated membranes

by the ALD technology. In addition a relation was found between the coating depth and

the performance of the coated membranes.

The results of the experiments demonstrate that ALD method could successfully be

used in the fabrication of tight UF ceramic membranes and, to some extent, cure the

defects in the original membranes. By applying different ALD settings, different coating

depths in the membrane filtration layer were achieved, which influenced the water per-

meability and solute rejection. Further, membranes with larger pore sizes tended to have

a deeper effective coating depth since the precursors could diffuse more easily through

the larger pores. The Carmen Kozeny model, used to determine the permeability and

porosity for each studied membrane, showed results in the same order of magnitude

with most of the measurement data, being thus able to predict permeability as a func-

tion of porosity and layer thickness.
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Nomenclature

List of acronyms

MF Microfiltration

UF Ultrafiltration

NF Nanofiltration

RO Reverse Osmosis

ALD Atomic Layer Deposition

PEALD Plasma-enhanced Atomic Layer Deposition

MW Molecular Weight

MWCO Molecular Weight Cut-off

TMP Transmembrane Pressure

PEGs Polyethylene Glycols

SEC Size Exclusive Chromatography

HPLC High-Performance Liquid Chromatography

CVD Chemical Vapour Deposition

SEM Scanning Electron Microscope

SE Secondary Electrons

EDX Energy Dispersive X-ray

TMA Trimethylaluminium

TTIP Titanium Isopropoxide

GPC Growth Rate Per Cycle
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8 Nomenclature

List of symbols

cm centimeter

km kilometer

m meter

Da Dalton

Pa pascal

µm micro meter

nm nanometer

Lp pure water permeability, L/(m2 h bar)

J flux, m3/(m2 · s)

T temperature, ◦C

∆P measured TMP, Pa

R retention rate of PEGs, %

η viscosity

ρ density of the fluid, kg /m3

ε membrane porosity, -

τ tortuosity factor, -

µ viscosity of the fluid, pa·s
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1
Introduction

1.1. Background on Ceramic Membranes in Water Treat-

ment
1.1.1. Development of Ceramic Membranes
Membranes play an important role in separation industry, nevertheless, they were not

considered technically important until mid-1970. Since the middle of twentieth cen-

tury, synthetic membranes have got more attention and have been successfully used in

many industrial applications (Basile and Nunes, 2011; Wenten, 2002; Strathmann, 2001).

Membrane separation is a physical process where some compounds can pass through

the pores inside the membranes while others are retained. The selectivity of certain ma-

terial thus depends on the combination of the nature of feed compounds, the properties

of the membrane and the interaction between them.

Both polymeric and inorganic materials are used to fabricate membranes, which

might have a dense or porous layer depending on their use and applications. Most com-

mercially utilized synthetic membranes, used in water treatment, are made of polymeric

materials (Gitis and Rothenberg, 2016). However, a membrane with a higher thermal,

chemical and mechanical stability would be needed for the purpose of expending mem-

brane applications to aggressive media, such as acids and alkali solutions, in wastewater

treatment, and industrial water treatment (Condom et al., 2004; Kermanpur et al., 2008;

Skluzacek et al., 2007). It has been proved that ceramic membranes can resist a high

temperature (up to 500 ◦C) and extreme pH-values (pH 1-14) (Benfer et al., 2001).

Ceramic membranes are made of inorganic, non-metallic materials, usually Al2O3,

TiO2 and ZrO2, by the action of heating and subsequent cooling (Liu, 1996), which

gives them superior chemical, thermal and mechanical properties. Historically, ceramic

membranes are less used than polymer-based membranes, due to their higher fabrica-

tion costs and lower packing densities (Yacou et al., 2013; Gitis and Rothenberg, 2016).

Fortunately, the question of cost, which is central to the future of ceramic membranes, is

gradually being resolved by industrial R&D (Gitis and Rothenberg, 2016). Some modules,

e.g., have been developed to increase the packing density of ceramic membranes, such

as multi-channel monoliths and hollow fibre configurations. For hollow-fibre mem-
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Figure 1.1: Typical structure of a ceramic membrane

branes, the packing density can be greater than 1000 m2/m3 (Bhave, 2012). Ceramen

Corporation (Waltham, MA) has already commercialized ceramic membranes deposited

on honeycomb monolith coerdierite supports with the packing density up to 800 m2/m3

(Goldsmith, 1991). The ceramic membranes with a multi-channel tubes configuration

can have a packing density as large as 782 m2/m3 (Lee et al., 2015).

1.1.2. Structure and Characteristics of Ceramic Membranes
Ceramic membranes can be categorized according to their (i) structure, (ii) material, (iii)

production method, and (iv) applications. Depending on their structure, membranes

can be defined as dense (non-porous) or porous membranes. Dense membranes are

usually made for hydrogen and oxygen separation. For porous membranes, there are

a variety of membranes according to their pore size difference, namely microfiltration

(MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) membranes in a

descending order of pore size.

Ceramic membranes are generally a porous membrane consisting of several layers

with different properties and composites. As Figure 1.1 shows (Duscher, 2013), usually, a

ceramic membrane has a ceramic support layer, e.g. consisting of Al2O3, onto which sev-

eral porous separating layers, often silica, alumina or zirconia (Gobina, 2006) (Ku et al.,

2008), with decreasing pore sizes, are deposited, until the desired pore sizes are reached.

The supporting sub-layer serves as a substrate giving the selective layer enough mechan-

ical stability and strength (Strathmann et al., 2011).

Ceramic NF membranes are often asymmetric, layered structures composed of a thin

selective top layer which plays the main role in separating particles and dissolved com-

pounds, and a pile of ceramic support layers below the top layer.
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1.1.3. The Application of Ceramic Membranes in Water treatment
Ceramic membranes can be applied in the following fields: the food and beverages,

biotechnology, chemical industry, pharmaceuticals’ production and recovery and recy-

cling (Schäfer et al., 2005), where they can compete with polymeric membranes in per-

formance and economics. Since the study is designed to explore the membrane sepa-

ration in the wastewater treatment field, we would mainly introduce the application of

ceramic membranes on liquid separation.

UF and MF membranes have a pore size usually ranging from several nanometers to

several micrometers. Therefore they are intrinsically used to separate colloidal particles

or large molecular weight solutes. As the rejection of solutes is determined by the pore

size, pore size distribution of the membranes and surface interactions between mem-

brane surface and solvent/solutes. Examples of successful commercial-scale plants that

use MF/UF ceramic membranes include purifying and concentrating valuable compo-

nents such as enzymes and fermentation broths in biotechnology industries (Sondhi

et al., 2003), and treatment of highly oily wastewater and degreasing baths (Majewska-

Nowak, 2010). In contrast, ceramic membranes are much less commonly used in water

and wastewater treatment, such as for the production of drinking water and treatment

of municipal wastewater.

RO rejects all the solutes, including monovalent ions, while the NF membrane can

only reject multi-valent ions. Today, ceramic RO/NF membranes are not commercially

available, due to the high cost and and low packing density of ceramic membranes (Li,

2007). And their extremely low permeability is also an existing problem for their appli-

cation in water treatment.

1.2. Fabrication of Ceramic Membranes
1.2.1. Support Layer
A generalized procedure for preparation of composite ceramic membranes is: (1) prepa-

ration of the ceramic powder paste (suspension); (2) shaping of the ceramic powder into

the desired geometry; (3)heat treatment to consolidate the particles, including calcina-

tion and sintering; (4)thin layer coating through dip-coating, sol-gel or CVD and ALD

processes, which is illustrated in Figure 1.2. The methods that are often used to give the

slurry or paste the desired shape are: slip casting or tape casting, extrusion and pressing

(Li, 2007; Gitis and Rothenberg, 2016).

Casting

Slip casting is probably one of the most commonly used methods in ceramic membrane

preparation. In this method a well-mixed powder paste or suspension (slurry) is poured

into a porous mould, and the solvent of the suspension is extracted via capillary forces

into the pores of the mould (Tiller and TSAI, 1986). The particles of the suspension then
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Figure 1.2: A general schematic review on fabrication procedure of composite ceramic membranes (Li, 2007)

consolidate on the surface of the mould to form a layer of particles or a layer of gel. The

pore size and pore distribution are mainly dependent on the particle size of the used

powders used in suspension preparation.

Tape casting is a another common way for producing flat ceramic membranes and

discs (Gitis and Rothenberg, 2016). The process consists of a stationary casting knife, a

reservoir, a moving carrier and a drying zone. The powder suspension is poured into the

reservoir behind the casting knife, and the carrier to be cast upon is set in motion. The

gap between knife blade and carrier determines the thickness of the membrane.

Extrusion

Extrusion is a productive method for producing ceramic membranes. Most ceramic

tubular support for the fabrication of inorganic membranes is produced by extrusion

(Li, 2007). The process is simple. A viscous paste is compacted and shaped by forcing

it through a nozzle and then transformed into a stable shape in a coagulation bath by

spinning (Isobe et al., 2006).

Pressing

Pressing is commonly used in making flat membranes or discs on lab-scale. An applied

force is used to consolidate particles into a dense layer in a special press machine which

holds the pressure higher than 100 MPa. The diameter of the products ranges in a few

centimemters and the thickness is roughly 0.5 mm (Li, 2007).

1.2.2. Intermediate and Top Layers
The fabrication methods mentioned above are capable of making ceramic membranes

with pore sizes > 1 µm. When the applications require a membrane with pore size less
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Figure 1.3: Schematic representation of the different stages and routes of the sol-gel technology

than 1 µm , additional intermediate layers and a top membrane layer are needed (Gitis

and Rothenberg, 2016).

Sol-Gel Method

The Sol-gel method is involved when membranes with pore size ranges of 1-100 nm are

required (Das and Maiti, 2009). The Sol-gel method is a wet-chemical technique widely

used for the fabrication of materials starting from a colloidal solution, often metal alkox-

ide or salts. The colloidal solution acts as a precursor, which gradually evolves towards

the formation of gel-like phase system (Uche, 2013). The fraction of particles in the col-

loidal solution is usually too low to recognize gel-like properties, therefore a subsequent

drying process, to remove the remaining liquid is required. Afterwards, a thermal treat-

ment, often sintering, is necessary to enhance the mechanical strength and structure

stability. As Figure 1.3 illustrates, there are several approaches for applying the sol-gel

method, among which the route with the orange arrow represents the process described

above.

Atomic Layer Deposition

Atomic layer deposition (ALD) is an alternative technique for depositing thin films for a

variety of applications. It is a self-limiting gas-phase thin film technology where atomic

scale thin layers of metals, polymers and many other materials are grown on the support

substrate. ALD is based on binary reactions’ sequences where two precursors, which are

strictly separated, adsorb on the pore wall and have a surface reaction with a previously

adsorbed precursor (Li et al., 2012). Between each surface reaction, there is a purge step

with inert gas to remove the unreacted precursors and by-products (Marichy et al., 2012).

Figure 1.4 shows a complete cycle of ALD process, consisting of two dose steps and two
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Figure 1.4: A general schematic draw of one complete ALD cycle

purge steps.

• Thermal ALD Thermal ALD is referred to when the surface reactions are

thermally-driven. The thermal ALD can be operated at elevated temperatures

(typically 150-350 ◦C).

• Plasma-Enhanced ALD , shortened as PEALD, came to light in 1992, when De

Keijser and Van Opdorp of the Philips Research Laboratories in Eindhoven pub-

lished a report on atomic layer deposition of GaAs using H radicals (De Keijser

and Van Opdorp, 1991). However, the method was not developed until the end of

1990s, when semiconductor industries began being interested in this ALD method.

In contrast to thermal ALD, plasma ALD, also referred to plasma enhanced ALD

(PEALD), provides the needed energy by generating a large amount of radicals

which contain high reactivity. The radicals, generated at low temperature, pre-

vent high heat flux during deposition, and therefore allow for more freedom in

processing parameters and for a wider range of deposition materials Profijt et al.

(2011). The commonly used radicals are oxygen (O) radicals, nitrogen radicals and

hydrogen radicals (H).

1.3. Thesis Research Framework
1.3.1. Problem Statement
Ceramic tight UF membranes are gaining more and more attention due to their inherent

advantages compared with polymeric membranes (Mori et al., 1998). Their high ther-

mal, mechanical and chemical stability make them much more applicable in treating

e.g. corrosive wastewater (Van Gestel et al., 2002; Burggraaf and Cot, 2009). However,
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due to the small pore size of tight UF membranes, which gives them a greater selectivity,

there are some problems appearing:

• Permeability drops. It is commonly known that a higher selectivity usually results

a smaller permeability (Spillman, 1995; Sengupta and Sirkar, 1995). The flux can

be increased by decreasing the membrane thickness. However, lowering the thick-

ness of a given membrane would increase the risk of forming defects which in turn

decrease the selectivity of the membrane.

• Membrane fabrication process require more accurate control of the membrane

structure and thickness. With the smaller pore size, membranes become more

sensitive to micro crack. Even a small single crack of a few micrometers allowing a

convective flow potentially neutralize the permselective properties of a membrane

area many orders of magnitude its size (Burggraaf and Cot, 2009).

According to the problems mentioned above, it is urgent to find a thin-film deposi-

tion technology which would prepare defect-free or defect-poor thin separation layers

without sacrificing too much permeation and make the fabrication process more con-

trollable and standardized. The Sol-gel method, which has been widely used in making

ceramic membranes, seems not to be able to make tight UF and NF membranes with this

stable quality and a good reliability. Lin et al. has reported significant variations in the

thickness of the permselective layer along the membrane length of commercial, tubular

Al2O3 membranes (Lin et al., 1994). ALD has been suggested as a promising modification

technology to produce a better separation layer, but not much results about deposition

on tight UF ceramic membranes with ALD were found. The innovative technology has

been tested in some studies (Kim and Oh, 2014), where was found that pore size tuning

by ALD is limited to the top layer of the selective layer. Due to the smallest pore size

in the top layer, the resistance of the liquid passing through membranes mainly comes

from the top filtration layer. Therefore, the permeability can be reserved as much as pos-

sible if the pore-size-narrowing is limited in a very shallow depth of the membrane (Li

et al., 2012).

1.3.2. Research Question
To solve the problems stated above, the following research questions were formulated:

• What is the coating depth of thermal ALD and PEALD on ceramic tight UF mem-

branes? Since the resistance in composite membranes mainly comes from the

top filtration layer, the shallower the coating depth is, the less resistance the ALD

coating would create. Less resistance growth represents a less loss of permeability,

which is the main goal of this study.
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• What is the permeability and Molecular weight cut-off (MWCO) of the coated tight

UF ceramic membranes and what is the difference between PEALD and thermal

ALD? MWCO is a commonly used way to test the selectivity of a porous mem-

branes. It defines the molecular weight above which more than 90 % of each size

of molecules can pass the membrane.

1.3.3. Outline of Thesis
In this thesis, the research on three sizes of tight UF ceramic membranes, which origi-

nally had a MWCO of 2300, 6200 and 10100 Da respectively, were addressed in different

aspects.

In Chapter 1, an overview of the development of ALD is given, with particular em-

phasis on its application on ceramic membranes.

In Chapter 2, the materials and methods used in the study are described. In addition,

the advanced technique for characterizing membranes will be treated.

The results from all experiments and analyses on them is the topic of Chapter 3.

In the last chapter (Chapter 4), conclusions, obtained from the comparison of ther-

mal ALD and PEALD, and some corresponding recommendations, are put forward.



2
Methodology

2.1. Substrate Membranes
Ceramic tight UF membranes, provided by Inopor company, were used as substrates

membranes for ALD coating. All membranes were in disc shape with a diameter of 90

mm and thickness of 2.5 mm, while the effective filtration surface area was 0.0056 m2,

corresponding with an effective diameter of 0.084 m.

The ceramic tight UF membranes from Inopor GmbH, Germany, had different se-

ries, namely 2K series, 7K series and 10K series, with a separation layer made of zirconia

(ZrO2) or alumina (Al2O3). The support layer is made of Al2O3.

The claimed properties of the received membranes from Inopor company are de-

scribed in Table 2.1. However, great variations in actual MWCO has been observed.

Therefore a set of characterization tests were conducted to confirm the properties of

the membranes.

Table 2.1: Properties of substrate membranes from TAMI industries and Inopor company∗

Supplier Series Material Pore Size (nm) Porosity Cut-off (Da)

TAMI
3K TiO2 2.2∗∗ 3000

8K TiO2 3.3∗∗ 8000

Inopor

2K ZrO2 3

30%-50%

2000

7K Al2O3 5 7500

10K Al2O3 10 20000

*: specification from manufacturer

**: estimated using Eq. (4.3) (Van der Bruggen and Vandecasteele, 2002)

11
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2.2. Atomic Layer Deposition (ALD)
2.2.1. ALD system
Both thermal ALD and plasma ALD were performed in a single ALD system, Oxford ALD

system (FlexAL®). The O radicals, used in the plasma ALD process, was generated by

a built-in remote inductively coupled plasma (ICP) source operated at 200W and 13.56

MHz. In this remote configuration, continuous plasma operation was found to have a

negligible contribution to substrate heating (Kubala et al., 2009). Both in thermal ALD

and the plasma process, TiCl4 was used as first precursor for coating TiO2 onto substrate

membranes. In thermal ALD, water was used as second precursor while in plasma ALD

O2 plasma was used. N2 and Ar, as inert gases, played the role of delivering precursors

and purging the system between reaction steps. The exposure level of TiCl4 was con-

trolled by alternating the dose time. N2 and Ar gases were fed at a constant rate of 100

sccm and 150 sccm, respectively.

2.2.2. Wafer Coating
Growth rate measurement

The reason of performing wafer coating before membrane coating is that measuring the

Growth rate per cycle (GPC) on a porous membrane was not technically feasible and

therefore a planar wafer was provided as an alternative to monitor the GPC of each coat-

ing process.

A wafer, also called a slice or substrate, is a thin slice of semiconductor material, such

as a crystalline silicon, used in electronics for the fabrication of integrated circuits and

in photovoltaics for conventional, wafer-based solar cells (Laplante, 2005). The wafer

serves as the substrate for many micro fabrication process steps, such as doping or ion

implantation, etching, deposition of various materials, and photolithographic pattern-

ing. Silicon wafers used in this study, as the name indicated, are merely thin slices of a

large single crystals of silicon that are formed by a process known as Czochralski growth

(Mitchell, 2004; Wolf and Tauber, 1986).

Silicon wafers with a diameter of 100 mm and thickness of 525 µm were used in this

study to deposit TiO2 on it. Due to the flat geometry of the wafer surface, the growth

of oxidization film after deposition was measurable by ellipsometry technology. Ellip-

sometry is an optical measurement technique for investigating the dielectric properties

of thin films. It measures the changes in polarized light upon light reflection and light

transmission on a sample and models the thickness by using a dielectric function model

(Fujiwara, 2007). In this study, wafers coated with oxidized materials were measured by

ellipsometer (M-2000F, J.A.Woollam Co. Inc., USA) using Cauchy model. A five-points

scanning pattern was applied when measuring the thickness of the wafer, as Figure 2.1

shows.
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Figure 2.1: Five-points scanning pattern of measuring thick-

ness of coated wafer by using Ellipsometer

The thickness of native oxide layer (SiO2) on the surface of each silicon wafer was

measured by the ellipsometer as a reference. After coating of metal oxides, the thickness

of the as-deposited films was measured again, deducting the thickness of the original

SiO2 layer. Therefore the growth-per-cycle (GPC) of each coating could be measured

(Shang et al., 2017).

Wafer coating in two positions

In order to explore the potential application of the ALD method in the fabrication of

tubular ceramic membranes in future work, we put the wafer upside down and left the

wafer a few millimeters from the chamber ground to let the gas diffuse well, as in Fig-

ure 2.2. If the precursor, which is in the gas phase, can diffuse effectively in a confined

space as in an open space like the planer wafer or plate-shape ceramic membrane, then

it can be expected that the technology is also technically applicable for tubular ceramic

membranes.

2.2.3. Membrane Coating
In order to distinguish the coating material and the original material of a membrane,

the metal oxides to be used in the coating process were chosen accordingly. The Inopor

membranes (2K, 7K and 10K series), which are mainly made of Al2O3, were coated with

TiO2. Therefore two recipes (Table 2.2) were involved in the ALD coating process. One

of them was for thermal ALD, and the other one was for PEALD. The dose time of TiCl4

in PEALD was 70 ms, which was shorter than that in thermal ALD. The reason for this

difference is that the PEALD recipe gave the same GPC no matter the dose time of TiCl4

was 70 ms or 3 s.

All membranes were coated with corresponding metal oxides via 20 cycles of ALD.

Each recipe was pretested on wafers to obtain the GPC on planar substrates. The whole
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Figure 2.2: Wafer coated in two positions (the right is normal position with front side upside; the left is a

reversed position with the other side towards up; the blue square with a cross inside depicts the five-points

scanning position)

process was operated at a constant temperature of 180 ◦C for both thermal ALD and

PEALD. The reaction chamber and delivery line was always preheated to the target tem-

perature to prevent temperature jumps during the coating process.

A complete cycle of coatings is as follows: Firstly, the system was vacuumized and

preheated to target conditions; then the first precursor was delivered into the reaction

chamber and reacted with the substrate within a time period, followed by a purge step

with inert gases; after purging, the second precursor was dosed and reacted with the

substrate for a fixed period of time, also followed by a purging step. Except the pump-

ing and preheating steps, the dose-purge-dose-purge cycle was repeated until the total

cycles was reached. After the last cycle, the system was evacuated to a base pressure.

As Table 2.3 shows, 2K1, 7K1 and 10K1 were coated by thermal ALD, while 2K2, 7K2

and 10K2 were coated by PEALD. The rest of the membranes were treated with the same

process except for the coating procedure and were used as blanks.

2.3. Filtration Experiment
2.3.1. Filtration Set-up
The filtration experiments were conducted in the Waterlab at TU Delft, where a filtration

system was installed. The system consists of two feed tanks of 50 L capacity each, a

membrane unit and a circulation loop. The photo and schematic overview of this setup
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Table 2.2: Recipes for ALD coating of TiO2

Thermal Plasma

TiCl4 dose 3 s TiCl4 dose 70 ms

TiCl4 purge 30 s TiCl4 purge 30 s

H2O dose 3 s Plasma O2 6 s

H2O purge 30 s Plasma purge 6 s

Figure 2.3: Photo of filtration set-up in lab

are shown in Figure 2.3 and Figure 2.4. A cross-flow with constant Trans-membrane

pressure (TMP) of 3 bar was applied. Both the concentrate and permeates were fed back

into the feed tank except for the samples’ volume which was small compared to the feed

water volume (< 2%).

2.3.2. Experimental Protocol
All membranes were firstly characterized by performing a permeability test and MWCO

measurements, followed by chemical cleaning, where NaClO of 0.2% weight percent was

used. After chemical cleaning, characterization was done again. The performances

of the membranes in the permeability tests, before and after chemical cleaning, were

compared. Chemical cleaning were repeated until the permeability got stable and then

MWCO measurements were done after a series of permeability tests to determine the fi-

nal MWCO of each membrane before they proceeded to the ALD coating procedure. The

characteristics of all substrate membranes are shown in Table 2.3.
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Figure 2.4: Schematic map of filtration experiment

2.3.3. Permeability
Pure water filtration performance was examined by temperature-corrected permeabil-

ity. Demineralized water was filtered through the substrate membranes at a constant

TMP of 3 bar. Three samples were collected during a 140-minutes filtration experiment

to determine water flux and feed water temperature was monitored. An increase in wa-

ter temperature was observed, which could be a result of heat transfer from the cross-

flow pump, and therefore a temperature-corrected permeability equation was used to

account for the temperature changes, Eq. (2.1), (Shang et al., 2017),

Lp,20◦C = J

∆P
· ηT

η20
= J ·e−0.0239·(T−20)

∆P
(2.1)

where: Lp,20◦C −permeability at 20◦C , m3/(m2 · s ·bar)

J −measured membrane flux, m3/(m2 · s)

ηT −permeate viscosity at measured water temperature

η20 −permeate viscosity at 20 ◦C

T −measured water temperature, ◦C

∆P −measured TMP, Pa

2.3.4. Molecular Weight Cut-off (MWCO)
MWCO is defined as the molecular weight (in daltons) of a tracer molecule which is re-

tained by the membrane with 90%. A mixture of a Polyethylene glycols’ (PEGs) solution

with a concentration of 0.6 g /L was filtered through the substrate membranes at room



2.3. Filtration Experiment

2

17

Table 2.3: Life stories of all membranes

Membranes
ALD

Method

Coating

material

Recipe∗

(Da)

Chemical

Cleaning

(hours)

SEM-

EDX
BET

2k1 Thermal

TiO2

1000-6000

150

Yes Yes

2k2 Plasma

2k3 Blank

2k4 Blank

7k1 Thermal

210
7k2 Plasma

7k3 Blank

7k4 Blank

10k1 Thermal

4000-35000 36
10k2 Plasma

10k3 Blank

10k4 Blank

*: recipes of PEGs for MWCO measurement

temperature and under constant TMP of 3 bar. The molecule weight of the PEGs’ feed

solution ranged from 1000 Da to 35000 Da. Different recipes were used, depending on

the announced membrane cut-off (Table 2.3). Because the PEGs are non-charged, their

rejection by the membrane is mainly the results of steric hinderance. It means that the

PEGs that are larger than the MWCO of the membrane would be rejected while smaller

ones could pass through the membrane. In each filtration test, both permeate and feed

solution were sampled and also temperature was monitored.

To calculate the MWCO of the received membranes, the permeate and feed solution

samples, which were only filtered by a 0.45 micrometer filter, were analyzed by a high-

performance liquid chromatography system (HPLC, Shimadzu, Japan), equipped with a

size exclusive chromatography columns (SEC, 5µm 30 Å , PSS Polymer Standards Service

GmbH, Germany). SEC, also known as gel permeation chromatography or gel filtration

chromatography, separates solids on the basis of molecular size.

Calibration was done to determine the relation between the elution time and molec-

ular weight, similar to that shown in Figure 2.5. The peak height is linear to the concen-

tration of a single molecule. Using a polynomial or power model to fit the data (molecule

weight in function of elution time) gives a calibration curve, as Figure 2.6 shows, where

each elution time corresponds to a specific molecular weight. With the calibration curve,

the retention curve of a PEG with a certain molecular weight can then be plotted using
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Figure 2.5: An example of elution peak results of PEGs from HPLC

Figure 2.6: Calibration curve for PEGs from 300 to 35000 Da

Eq. (2.2) (Shang et al., 2017; Mulder, 1991). Furthermore, it was assumed that the pore

size of the tight UF membranes follows a log-normal distribution (Van der Bruggen and

Vandecasteele, 2002). Therefore, the experimental rejection curves were described by a

log-normal model as function of MW and MWCO, given by Eq. (2.3) (Shirley et al., 2014;

Van der Bruggen and Vandecasteele, 2002). Figure 2.7 gives an example of modeling

results of MWCO from one analysis, where the grey dotted line represents the data ob-

tained from the filtration test and the black line is the modelling result.

Ri (%) = Ci ,feed −Ci ,permeate

Ci ,feed
(2.2)

where: Ri (%) − retention of PEG molecule i, %

Ci ,feed −PEG concentration in feed solution, mg/L

Ci ,permeate −PEG concentration in permeate solution, mg/L

σ(MWs ) =
∫ MWs

0

1

SMW
p

2π

1

MW
exp[− (ln(MW)− ln(MWCO)+0.56SMW)2

2S2
MW

]dMW (2.3)

where: σ(MWs )− reflection coefficient, %

SMW − standard deviation of molecular weight retention, Da

MW −molecular weight cut-off, Da
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Figure 2.7: A typical graph of PEG rejection of ceramic NF mem-

branes by log-normal distribution

2.3.5. Membrane Defects Calculation
Some defects were found in some studied membranes, and that was probably due to the

inability of the fabrication method in making micro-pore-scale ceramic membranes. In

order to make the results of the filtration performance comparable within studied mem-

branes, a defect-correction model was built and applied both in MWCO and permeabil-

ity. The principal idea of the defect-correction model was that the solutes which had a

smaller size than the size of defect would all pass through the defect, but they would only

partly pass through the membranes that are without any defects. The model is illustrated

in Figure (2.8), and the complete calculation was done as below.

For any PEG (i Da), given Ri 0 = a%, Ri = b%:

after adjustment, Eq. (2.2) can be written into:

1−Ri =
Ci ,permeate

Ci ,feed
(2.4)

While,

Ci ,permeate =
C f · (J − J0)+C f · J0 · (1−a%)

J
(2.5)
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Figure 2.8: Schematic process of liquid passing through a membrane with defects

Substituting Eq. (2.5) into Eq. (2.4) gives Eq. (2.6),

1−Ri =
C f · (J − J0)+C f · J0 · (1−a%)

J ·C f
(2.6)

1−b% = (1−d%)(1−a%)+d%

−→ a% = b%

1−d%

where: J − total flux through membrane including defects, m3/(m2 · s)

J0 −flux through membrane without defects, m3/(m2 · s)

Ri − rejection of PEG (i Da) in a membrane with defects, %

Ri 0 − rejection of PEG (i Da) in a membrane without defects, %

d −defect of a membrane, %

After defect-correction, the corrected rejection of each PEGs for a membrane without

defects was obtained, which was a% in Eq. (2.6) and then the rest of the calculation for

MWCO was the same as mentioned beforehand (Eq. (2.2) and Eq. (2.3)). The flux was

also corrected accordingly, following Eq. (2.7), and then the permeability were obtained

combining Eq. (2.1) and Eq. (2.7).

Jcorrected = Jmeasured × (1−d%) (2.7)

2.4. Characterization of Membrane Surface
2.4.1. Scanning Electron Microscope
Scanning Electron Microscope (SEM) is a type of electron microscope that can produce

high-resolution images of a sample surface. By using SEM, the microstructure of studied

membranes was observed and the thickness of top filtration layer was directly measured.

Since the filtration layer significantly affect the performance of ceramic membranes, the
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precise of measurement of filtration layer is important. With SEM technique, the image

of the samples have a magnification of 15000x (7K series) and 35000x (2K and 10K series).

SEM produces high resolution images of a sample by scanning the surface with a

beam of condensed electrons. The electrons strike the sample surface and interact with

atoms in the sample, resulting in the release of various signals including secondary elec-

trons (SE), back-scattered electrons, characteristic X-rays, light, absorbed current and

transmitted electrons (Goldstein et al., 2012).

Due to the three condenser lenses installed alongside the beam pathway, the inci-

dent electron beam becomes so narrow and energetic that SEM micro graphs can have

a large depth of field, yielding a characteristic three-dimensional appearance, useful for

understanding the surface structure of a sample (Goldstein et al., 2012).

Among these various signals, the most common imaging mode collects low-energy

(<50 eV ) secondary electrons. In secondary electron imaging, or SEI, the secondary

electrons are emitted from very close to the specimen surface as a result of interactions

between energetic beam electrons and weakly bound conduction electrons (Streitwolf,

1959).

The cross-section structure of the membranes was analysed, before and after ALD

coating, using a scanning electron microscope (SEM, FEI Nova NanoSEM 450, USA).

Membranes were firstly coated with a thin film of gold (15 nm), by low-vacuum sputter

coating techniques, in order to be electrically conductive. This coating is necessary be-

cause ceramic membranes, as a non-conducting specimen, collect electric charge when

scanned by a beam of high-energy electrons. Accumulated charge in specimen exhibits

a charging phenomenon which can result in a significant loss of material from the spec-

imen and other image artifacts (Goldstein et al., 2012; Maissel and Glang, 1970). Mem-

branes coated with a thin film of gold were then mounted rigidly to a specimen holder

using carbon tape which also prevents the accumulation of electrostatic charge. The

electron beam scans the specimen in a raster pattern and both positions of beams and

signal detector contribute to the formation of surface image and surface topography (Re-

ichelt, 2007).

2.4.2. Energy-Dispersive X-ray Spectroscopy
The composition and abundance of elements in samples were analysed using energy

dispersive X-ray (EDX) analyzer (Ametek EDAXT SL), which is coupled in a SEM-EDX sys-

tem. In order to investigate the distribution of coating material in pores, the changes of

TiO2 abundance in pores before and after the ALD modification was analysed.

The cross sectional samples were scanned by a line scan pattern at 10 kV acceler-

ating voltage and 500 × magnification. The length of the scanning line drawn on each

sample was approximately 1 to 2 µm and normally 200 to 300 frames were taken.

The principle behind EDX technology is similar to that of SEM. EDX is suited for ana-
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Figure 2.9: Schematic diagram of defined effective coating depth

lyzing the composition and abundance of elements. The principle is that electron beams

not only react with atoms in samples, but also remove an inner-shell electron, resulting

a vacancy in the electron shell. A higher-energy electron in the outer shell would, right

after, fill the vacancy and release energy, which forms the characteristic X-ray (Goldstein

et al., 2012; Russ, 2013).

Effective Coating Depth

In order to make the results from the EDX measurements on different cross sections of

membranes comparable, we define an effective coating depth (`c ) as the depth where

the difference of element abundance between blank membrane and deposited mem-

brane decreases to 5% of that at the surface. Figure 2.9 shows the schematic diagram of

effective coating depth in thermal-coated 2K membrane.
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Results and Discussion

3.1. Thermal ALD vs PEALD
3.1.1. Growth Rate of Thin Film
The GPC on wafer in the case of thermal ALD was 0.025 nm/cycle. Ritala et al. (1993b)

tested thermal TiCl4/H2O process under different temperatures and found that the GPC

is only 0.035 nm/cycle at 200 ◦C (Ritala et al., 1993b). When they changed the precursors

to titanium tetraisopropoxide (TTIP) and O2, the GPC was even lower than that with

TiCl4/H2O, around 0.015 nm/cycle at 150 ◦C (Ritala et al., 1993a).

In PEALD process, TiO2 thin film were deposited using TiCl4 and plasma activated

oxygen. The growth rate of TiO2 on silicon wafers was 0.076 nm per cycle, as shown in

Figure 3.1. This growth rate agrees well with the reported values of 0.06−0.07 nm/cycle

at a temperature of 200 ◦C reported by Xie et al. (Xie et al., 2008). They also found that the

GPC varied among different metal precursors. The GPC of TiO2 using titanium tetraiso-

propoxide (TTIP) dropped to 0.04−0.05 nm/cycle. A GPC value of around 0.05 nm/cycle

has also been reported for most PEALD using organometallic ligands (Lim et al., 2004; Xie

et al., 2008). Kariniemi et al. (2012) reported a GPC of 0.05 nm/cycle at 150 ◦C for PEALD

(Kariniemi et al., 2012), while Niskanen et al. (2007) obtained a GPC of 0.19 nm/cycle at

50 ◦C using TTIP as metal precursor (Niskanen et al., 2007).

In this study, the GPC during thermal ALD (0.025 nm/cycle) are lower than that ob-

tained using PEALD (0.076 nm/cycle). This result has a good agreement with the data in

the literature (Aarik et al., 2001; Matero et al., 2001; Ferguson et al., 2004).

3.1.2. Structural Characterization
Figure 3.2 presents the SEM micrograph of the cross sectional SEM image of membranes

and the abundance ratio of elements obtained from the corresponding line-scan mea-

surement. Table 3.1 summarizes the thickness of the filtration layer (` f ) and efficient

coating zone (`c ), and Figure 3.3 depicts the efficient coating depth (`c ) in a bar graph

for ease of comparison between thermal ALD and PEALD.

It can be clearly seen that in Figure 3.2 both in the case of thermal ALD and PEALD

that the amount of Ti decreases gradually from membrane surface to deeper depths.

23
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Figure 3.1: Growth rate of TiO2 on wafers by PEALD and thermal ALD (Error bars represent standard

deviation of a set of corresponding measurements)

The abundance of the deposited film along with the coating depth can be categorized

as the character of conformality of deposition. A conformal thin film is a layer of film

on a substrate with the same thickness everywhere along the interface. Since the ALD

technology is mainly used in semiconductor or other metallic material industry, there is

few literature reporting the data of TiO2 deposition concerning conformality. Ritala et

al. (1993a,b) found that the films of deposited TiO2 at the shallow part of substrates were

thicker and resulted in a thickness difference of up to 60 nm with 2000 reaction cycles

at 600 ◦C (Ritala et al., 1993a,b). In some more recent publications, Kubala reported a

∼ 24% decrease of thickness relative to the surface in a substrate with an aspect ratio

of 9:1 (Kubala et al., 2009) and a decrease of ∼ 37% in a substrate with aspect ratio of 3:2

(Kubala and Wolden, 2010). The aspect ratio of the substrate in the literature usually refer

to the ratio of its depth to its width. Moreover, this phenomenon has also been observed

in some deposition experiments of Ag and Ru. Kim et al. (2008) and Kim and Oh (2014)

(Kim et al., 2008; Kim and Oh, 2014) found that the Ru deposition was limited to the top

part of nanoscale via but did not give any detailed data. Kariniemi et al. (2012) observed

only one micrometer deep of continuous Ag film growth in a trench with an aspect ratio

of 10, which had an opening with a the width of 115 nm at the surface. (Kariniemi et al.,

2012).

For thermal ALD, the conformality is determined by the transport of the precursor

molecules into the hole (Gordon et al., 2003; Elam et al., 2003; Dendooven et al., 2009),

while the amount of precursors transported throughout holes is limited by two factors,

the flux available at the entrance of the hole and the exposure time (Gordon et al., 2003;

Dendooven et al., 2010). If sufficient exposure time is not provided, the thickness profile

is characterized by a slope of decreasing thickness, as shown in Figure 3.2.

In spite of the similar decreasing trend of thickness profile observed both in the case

of thermal ALD and PEALD, they show a distinctive character in all the three sizes of
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membranes. Membranes derived from PEALD always show a shallower coating depth

than those that were derived from thermal ALD. Of the 2K and 7K membranes, the coat-

ing depth of thermal ALD was almost two times larger than the depth obtained with

PEALD (Table 3.1). For the ease of comparison, Figure 3.3 summarizes the efficient coat-

ing depth of different membranes. For PEALD, the presence of radical recombination

is in addition attributed to the loss of active particles (Kim et al., 2008; Kim and Oh,

2014). Radicals generated by the plasma generator not only deposit, but also recom-

bine on the pore wall surfaces to form nonreactive molecules that desorb back into the

plasma flux (Profijt et al., 2011). The main difference between thermal ALD and PEALD

is that PEALD involves reactive species that not only undergo ALD reactions (as in ther-

mal ALD), but also react with other radicals and species residing at the surface (Profijt

et al., 2011). The mechanism of recombination of radicals has not been explored much,

until recently that some authors tried to simulate and quantify the impact of surface

recombination on the quality of deposited film (Knoops et al., 2010; Dendooven et al.,

2009, 2010). In the model, They used two independent factors, reaction probability s

(also called sticking probability) and recombination loss probability r. Reaction prob-

ability involves the basic surface reactions occurring both in thermal ALD and PEALD,

i.e., lingend exchange, dissociation, association, etc.. Recombination loss probability is

defined as the possibility of loss of radicals due to recombination during deposition. The

surface recombination probability is determined by species of radicals and the material

of the surface with which the radical reacts with (Knoops et al., 2010). In Monte Carlo

simulations, the same authors (Knoops et al., 2010; Dendooven et al., 2009, 2010) used

a variety of combinations of s (0.001-1) and r (0-0.9) to represent different scenarios.

Simulation results showed a great fit with their experimental data. When r increased,

the recombination effect became stronger and the conformality along the pores became

poorer (Knoops et al., 2010). In our case, thermal ALD can be regarded as a process with

a r of zero. Therefore deposited film in the case of PEALD is thinner than that in the case

of thermal ALD at the same depth. The values of s and r are dispersed in literature and

reproduced in Table.B.1 and Table.B.2.

Most of the radicals probably recombine in this way to deeper parts of the mem-

brane, resulting in a dramatically reduction of the flux of radicals and less deposition in

the deeper pores (Knoops et al., 2010). It can be seen at Figure 3.2 that the starting point

of PEALD is much lower than that of Thermal ALD, which indicates that the precursors

which arrived at the substrate surface is much less in the case of PEALD. This is possibly

because that some radicals are lost due to recombination on the way to the substrate

surface.

In addition, the amount of TiO2 deposited on the membrane pores by thermal ALD

is larger than the amount deposited by PEALD, according to the area surrounded by the

red line (thermal ALD) or blue line (PEALD) and the yellow line (blank line) in Figure 3.2.



3

26 3. Results and Discussion

(a) 2K series (b) 7K series

(c) 10K series

Figure 3.2: Ratio of abundance of Ti to Al of Inopor membranes measured in Line-scan analysis by EDX

Since part of radicals got lost due to recombination during diffusing into deeper pores,

it is reasonable to assume that the total effective radicals those contributing to pore sur-

face reaction were less in PEALD and so was the average thickness of deposited film.

Hereby, the fact that thermal ALD always showed a higher deposition amount in each

depth might be explained.

3.1.3. Filtration Performance
Table 3.2 and Figure 3.5 show the results of the filtration performance of the coated

membranes obtained from the filtration experiments before and after ALD deposition.

Since we mainly focused on the changes in the coated membranes, the data file of other

membranes including blank membranes can only be found in Appendix A.1 and Ap-

pendix A.2. It can be observed from the Figure 3.5a, that the permeability dropped con-

siderably after deposition except for the 10K2 membrane. The decrease trend is mainly

induced by the TiO2 deposition on the pore surface and thus the reduction of the mem-

brane pore size. Meanwhile, with the loss of permeability, the rejection performance of

all coated membranes was enhanced, as expected (Figure 3.5b). Although the perme-

ability of the 2K membranes did not show much difference between the membranes de-

rived from PEALD and from thermal ALD, overall it still can be concluded that a less loss
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Table 3.1: Summary of results from EDX measurement

Membrane ALD type ` f ,nm `c ,nm Slope∗

2K1

Thermal

497±15 220 1.0×10−3

7K1 1003±111 610 3.6×10−4

10K1 1132±141 1460 5.3×10−5

2K2

Plasma

437±21 120 7.5×10−4

7K2 750±226 320 1.1×10−4

10K2 1040±65 1255 2.8×10−5

` f : thickness of filtration layer, measured from SEM image

`c : coating depth, estimated from EDX measurement (Figure 3.2)

Slope: the decreasing rate of deposited film thickness on pores (thickness profile)

Figure 3.3: Efficient coating depth in as-deposited membranes after thermal ALD

and PEALD
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Figure 3.4: Permeability of membranes in some literature and our case. Notes: (a) values obtained from

Schaep (Schaep et al., 1999); (b) values obtained from Chen (Chen et al., 2015).

of permeability was obtained when coating with PEALD. This is in agreement with the

findings that the effective coating depth in the case of PEALD is smaller than in thermal

ALD, as mentioned earlier. In principle, separation properties of a composite ceramic

membrane, such as permeability, are usually controlled by the microstructure of the top

separation layer, because the pore size in the top layer, compared with the pore size in

support layers, is much smaller (Li, 2007). Therefore, the resistance in the support layer

can be ignored and the resistance of the membrane can be assumed to be directly related

to the pore size in top layer and the thickness of this layer. In a result, for PEALD, the re-

sistance in the membranes is smaller due to the combination of smaller efficient coating

depth and smaller pore size. Although, it should be pointed out that the coated mem-

branes obtained from PEALD had a larger reduction of pore size within the coating part,

which can be justified according to the reduction of MWCO, the permeability in the case

of PEALD showed a smaller decline than that in thermal ALD, due to the positive impact

of shallow coating depth on permeability.

Even though the pure water fluxes decreased sharply, they were still comparable with

other ceramic NF membranes (Figure 3.4). Schaep et al. (1999) reported that a NF mem-

brane with a MWCO of 4000 Da only has a permeability of 5 L/(m2 h bar) and other mem-

branes with a smaller MWCO even have lower permeabilities (Schaep et al., 1999). Other

authors reported a permeability range from 1 to 4 L/(m2 h bar) for membranes with a

MWCO from 200 Da to 8000 Da (Qi et al., 2012; Van Gestel et al., 2008; Larbot et al., 1992,

1994; Baticle et al., 1997).
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(a) Permeability

(b) Molecular cut-offs

Figure 3.5: The filtration performance of ALD-coated membranes after coating
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Table 3.2: Filtration performance of as-deposited membranes

Membrane ALD type
Before After

Lp MWCO D Lp MWCO D

2K1

Thermal

174.8 2458 1.99 28.3 1966 1.80

7K1 43.1 6605 3.06 0.9 1052 1.37

10K1 47.7 10178 3.70 16.5 6154 2.97

2K2

Plasma

145.3 2177 1.88 10.5 1330 1.52

7K2 44.7 6875 3.12 2.3 667 1.12

10K2 46.0 10153 3.70 46.6 5254 2.77

Lp : permeability in Eq. (2.1), L/(m2 h bar)

D : estimated average pore size using Eq. (4.3), nm

MWCO: molecular weight cut-off, Da

3.2. Membranes With Different Pore Sizes
3.2.1. Performance
From Table 3.1 and Figure 3.3, it can be observed that the efficient coating depth in-

creased with the MWCO (pore size). This is related to the transport mechanism of pre-

cursors during the ALD process. For ceramic membranes with a pore size at 2 nm or

slightly larger, which is the situation of this study, the predominant mechanism is usu-

ally Knudsen diffusion (Li, 2007). Studies on membrane diffusion have clearly indicated

that the diffusion coefficient is considerably influenced by the ratio of pore size to gas

molecules (Beck and Schultz, 1970, 1972; Chantong and Massoth, 1983). Currie (1960)

did some gaseous diffusion experiments in porous media and reported that the diffusion

coefficient became greater when pore size increased, which means that in larger pores

the resistance becomes smaller (Currie, 1960). Hence, in 10K membranes, the diffusion

rate of the precursor is highest and the resistance is smallest. Therefore more precursors

were able to diffuse to deeper parts of 10K membranes and had the chance to deposit on

the pore wall. Accordingly, the 2K membrane had the smallest effective coating depth

due to its most narrow pore size (Table.3.2).

It can be noticed that after the filtration experiments, some of the membranes suf-

fered a higher drop in permeability than others, as well as higher reduction in MWCO.

As a result, of these coated membranes, the 7K series obtained the highest percentual

fall in permeability. In the meantime, the 7K membranes also showed a dramatic drop

in MWCO, from 6700 Da decreasing to 800 Da, which is in agreement with its decline in

permeability. However, the permeability of 7K after deposition is quite low compared to

the values available in literature, as Figure 3.4 shows. The very possible reason is that the

porosity of as-deposited 7K membranes dramatically decreased due to the deposition in
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the pores. After deposition, 7K membranes had an average MWCO of 800 Da and average

of pore sizes of around 1.2 nm. When compared with commercial 800 Da membranes,

the coated 7K membranes do not show the superiority, because their porosity are much

lower.

2K membrane also experienced a high permeability drop while the performance of

rejection test of coated membrane did not match the permeability decline since the

MWCO only decreased slightly. A possible explanation is that the pore size of the 2K

membranes (1.9 nm) was so small that some of them were blocked during deposition.

As a result, these blocked pores did not contribute to liquid transport anymore. In the

meantime, these blocked small pores might not influence the pore size distribution or

the entry pore diameter much and therefore did not reflect on the decrease in pore size.

The reasons why the original permeability of the 2K series is so high is unknown because

the fabrication procedure and the composition of the membrane has been made confi-

dential.

Of the 10K membranes, the permeability of 10K2 (by PEALD) did not change while

10K1 (by thermal ALD) decreased from 47.7 L/(m2 h bar) to 16.5 L/(m2 h bar). This can-

not be explained since in Table 3.1 it can be seen that the separation layer was coated

entirely in both 10K1 and 10K2. The reason of the unchanged permeability of the 10K2 is

still unknown but of the difference between 10K1 and 10K2 is possibly because that the

amount of deposition in the separation layer is higher in the case of thermal ALD than

that of the deposition during PEALD (Figure 3.2c). The greater amount of deposition

further decreased the porosity of coated membranes and thus had a negative impact on

permeability.

3.2.2. Defects Curing
Since the original membranes contained some defects, the evolution of these defects are

also very important. From Table 3.3, it can be seen that there was no defect in the 2K

membranes and the defects in the 7K and 10K membranes were reduced by 8.25% and

24.15% respectively after deposition. According to the mechanism of Knudsen diffusion

in membrane pores, referring to the Section 3.2.1, the bigger pores get filled firstly and

therefore the defects in the 10K membranes were completely cured while those in 7K

membranes were partially cured.

3.3. Other Characterization
3.3.1. Potential application in Confined Geometry
In order to explore the potential application of ALD in the fabrication of tubular ceramic

membranes, we put the wafer upside down and left the wafer a few millimeters from the

chamber ground to let the gas diffuse well. The results are shown in Figure 3.6. From the
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Table 3.3: Effect of ALD on membrane defects

Membrane Before After ALD type

2K1 0.0% 0.0% Thermal

2K2 0.0% 0.0% Plasma

7K1 24.0% 17.8% Thermal

7K2 20.2% 9.9% Plasma

10K1 20.7% 0.0% Thermal

10K2 27.6% 0.0% Plasma

Figure 3.6: Growth rate of material on silicon wafer of front side and reverse side

results, it can be clearly seen that there was no observable difference between the two

positions in both thermal ALD and PEALD. When the wafer was set upside down, the

variation of GPC in the case of PEALD were higher than that in thermal ALD. What need

to be considered is that, the space under the wafer when wafer was set upside down was

very small, less than 1 m2. In terms of the application of ALD in tubular ceramic mem-

branes, this is just a early step to explore the potential. So far, we can still assume that

the precursors in the gas phase could have contact with the inner part of a channel in a

tubular ceramic membrane, potentially not negatively influencing the coating possibili-

ties for tubular membranes.

3.3.2. Uncertainty in Membranes Performance
All the membranes were characterized and chemically cleaned before they were coated

in the ALD system. Therefore the data shown above with "before" label was obtained

after the membranes were chemically cleaned several times. One of the reasons why we
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(a) TAMI membranes

(b) Inopor membranes

Figure 3.7: Permeability of pristine membranes

performed these chemical cleanings is that the pristine membrane showed an inconsis-

tent performance within the same series.

The permeability of both TAMI and Inopor pristine membranes are shown in Fig-

ure 3.7. It can be easily seen that TAMI membranes showed an inconsistent performance

during the filtration test with demineralized water, even though they were claimed to be

produced in one batch and be consistent in performance. Inopor membranes showed a

more consistent performance during the water filtration experiment compared to those

provided by TAMI.

From the results (Figure 3.8), however, it can be found that, except for the 2K se-

ries, the actual molecular cut-offs for pristine 7K and 10K series membranes, determined

as around 1306 kDa and 10101 kDa, clearly deviated from the supplier’s claimed values
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Figure 3.8: MWCO of pristine Inopor membranes

(7.5 kDa for 7K series and 20 kDa for 10K series). The cut-offs of the 7K series was even

smaller than that of 2K series, which was beyond our expectation. The MWCO of 10K

was highest, of 10000 Da, among the three series but was not so high as their claimed

MWCO (20 kDa).



4
Carman-Kozeny Model

4.1. Assumptions and Equations
The Carman-Kozeny relation, was used in this study to describe permeability, where the

pores were assumed to be interstices between close-packed spheres (Figure 4.1) (Ergun,

1952; Seader et al., 1998; Sutera and Skalak, 1993). The Carman-Kozeny equation was

originally developed by Kozeny in 1972 (McCabe et al., 1993) to calculate the pressure

drop for laminar flow through a packed bed of solids (Kruczek, 2014), and was later com-

bined with the Hagen-Poiseuille equation, to estimate the flux through a porous mem-

brane, assuming that the pores may not be cylindrical and straight (Seader et al., 1998;

Ergun, 1952). The Carman-Kozeny equation is depicted in Eq. (4.1).

J = ρε3∆P

2(1−ε)2τa2
vµ`

(4.1)

Figure 4.1: Ceramic membranes with well packed particles (Li, 2007)
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where: J −flux through membrane, m3/(m2 · s)

ρ −density of the fluid, kg /m3

ε −membrane porosity, -

∆P − transmembrane pressure, pa

τ − tortuosity factor, -

av − specific surface area, 1/m

µ −viscosity of the fluid, pa·s
` − layer thickness, m

In Eq. (4.1), av is the specific surface area which has a relation with hydraulic diame-

ter (D) of membrane pores, as Eq. (4.2) indicated (Seader et al., 1998).

av = 4ε

D · (1−ε)
(4.2)

Where,

D = 0.065× (MWCO)0.438 (4.3)

In Eq. (4.2) D is hydraulic diameter of the membrane pores. Here we assumed that

the hydraulic diameter of the pores was close to the average pore size of the membrane

and therefore the pore size estimated from the measured MWCO (Eq. (4.3) of each mem-

brane was used as the value for D in this equation. All assumptions made for this model

for estimating permeability are listed below:

1. The density and dynamic viscosity of the feed solution is assumed to be close to

pure water in a condition of 25 ◦C and 101325 Pa;

2. The hydraulic diameter of pores was close to the average pore size;

3. The tortuosity of membranes was estimated as 2.08 (Seader et al., 1998);

4. The resistance within the membrane is mainly in the top layer, which has the

smallest pore size;

5. The porosity of all membranes before ALD was determined to be 0.55, which was

the maximum value within the claimed range by the supplier (0.30-0.55). With

chosen value 0.55, the model fits best with the measurement.

6. The porosity of the membranes after ALD were assumed to follow the relation in

Eq. (4.4), in which the pore shape was assumed to be a sphere, and the number of

pores (n) were assumed to be constant during ALD treatment, leaving the change

of porosity only related to the change of diameter of the sphere (i.e. pore size).
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Table 4.1: Parameters for Carman-Kozeny equation

Fluid Membranes

viscosity µ pa· s 0.00089 porosity ε - 0.55

density ρ kg/m3 1000 tortuosity τ - 2.08

Figure 4.2: Two-layer structure in filtration layer of ceramic membrane after coating

εi = void volume

total volume
= n · πD3

i
6

Vtotal

−→ εbefore

εafter
= (

Dbefore

Dafter
)

3

(4.4)

The values of the parameters presented above are given in Table 4.1 at a condition of

25 ◦C and 101325 Pa.

4.1.1. Two-Layer Model
A two-layer model was created to represent the structure of the filtration layer of the

membranes after ALD coating, as drawn in Figure 4.2. Since part or entire filtration layer

was coated by coating process, the pore size in the coated region reduced accordingly.

In order to mimic the structure of the membranes after ALD coating, the coated part

and part below coating depth were treated separately. The pore size and porosity in the

coated region changed to Dafter and εafter , while the rest part of the filtration layer (` f −
`c ) still have the same pore size, Dbefore, as before. The pore size of the membranes both

before and after ALD coating was obtained by using Eq. (4.3), and the porosity after ALD

coating was obtained by using Eq. (4.4). The resistance in the coated part (Rc ) and part

below the coated part (R f −c ) were summed to a total resistance (Rtotal) and then the total

permeability (Jtotal) was calculated as in Eq. (4.5) and Eq. (4.6).
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(a) Using MWCO (method 1) (b) Using GPC on wafer (method 2)

Figure 4.3: Schematic view of Carman Kozeny model procedure

J = ∆P

µR
−→ R = ∆P

J ·µ (4.5)

In the two-layer model, the total flux of deposited membrane can be calculated by first

calculating the permeability of each layer independently and then adding the resistance

in two layers (Eq. (4.6)).
Rc = ∆P

Jc ·µ
R f −c = ∆P

J f −c ·µ
Rtotal = Rc +R f −c

−→ Jtotal =
∆P

µRtotal
= Jc · J f −c

Jc + J f −c
(4.6)

4.2. Procedure
The modeling process is depicted in Figure 4.3. The two methods, used in estimating the

pore size of membranes, only have the difference on the method of calculating the pore

size, leaving the rest of the calculation the same (Figure 4.3).

Firstly, the original pore size of the studied membranes were determined by the mea-

sured MWCO, which is named as Dbefore. After ALD deposition, the pore size, Dafter, was

calculated by using MWCO (method 1) or GPC on wafer (method 2). Then the pore size

of the membranes after each single cycle was calculated by interpolating between Dbefore

and Dafter. Finally, the corresponding porosity was calculated by using Eq. (4.4).

4.3. Model Results
The model result of method 1 and method 2 are shown in Table 4.2 and Table 4.3 respec-

tively. With method 1, except the extremely high permeability of 2K membranes prior to
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Figure 4.4: Growth rate of TiO2 inside pores by PEALD and thermal ALD (Error bars represent stan-

dard deviation of a set of corresponding measurements)

ALD coating process, the rest of data fits well into the model. For 7K and 10K series, the

data shows a good matching, which indicates that the original assumptions of porosity

and tortuosity, estimation of pore size and filtration layer thickness works well with each

other. The two-layer model seems thus to be a good assumption. While with method 2,

the calculated permeability deviated a lot from the measured permeability. The reason

why the modelled permeability was much smaller than the measured ones is that, we as-

sumed the growth rate in pores was the same as the growth rate on wafers. However, the

calculated growth rate (Eq. (4.3)) appeared to be much smaller than that on wafers (Fig-

ure 4.4). This leads to an overestimation of pore reduction in the calculation of method

2.

4.4. Model Sensitivity
Sensitivity analysis was conducted to investigate the influence of different starting

porosity on membrane permeability. Figure 4.5 shows the relationship between the

pore size and membrane permeability with different porosity. All the parameters, except

porosity, used in this analysis are kept as the same to the ones used in model. As seen

in Figure 4.5, when pore size increases, the discrepancy in permeability between differ-

ent porosity becomes larger. Therefore when pore size is 2.70 nm (10K membranes),

the discrepancy in permeability between porosity of 0.55 and 0.30 can be as high as

24.28 L/(m2 h bar). When porosity is fixed, the different formulas of estimating the pore

sizes can also make a difference. There is already some literature reporting and compar-
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Table 4.2: Model results of permeability from applying Carman-Kozeny equation by using MWCO (Method 1)

Before coating After coating

ε∗a Lp L∗
p,model ε∗b Lp L∗

p,model

2K1 0.55 174.8 26.5 0.41 28.3 20.7

2K2 0.55 145.3 27.1 0.29 10.5 17.7

7K1 0.55 43.1 31.3 0.05 0.9 0.9

7K2 0.55 44.7 43.3 0.03 2.3 0.6

10K1 0.55 47.7 40.4 0.28 16.5 13.4

10K2 0.55 46.0 43.9 0.23 46.6 10.4

*: estimated using Carman-Kozeny equation (Seader et al., 1998)

∗a: assumed starting porosity

∗b: estimated porosity using Eq. (4.4)

Lp : measured permeability in filtration test

Table 4.3: Model results of permeability from applying Carman-Kozeny equation by using GPC on wafer

(Method 2)

Before coating After coating

ε∗a Lp L∗
p,model ε∗b Lp L∗

p,model

2K1 0.55 174.8 26.5 0.07 28.3 1.7

2K2 0.55 145.3 27.1 0.00 10.5 -11.24

7K1 0.55 43.1 31.3 0.19 0.9 6.53

7K2 0.55 44.7 43.3 0.00 2.3 0.0

10K1 0.55 47.7 40.4 0.21 16.5 8.37

10K2 0.55 46.0 43.9 0.00 46.6 0.01

*: estimated using Carman-Kozeny equation (Seader et al., 1998)

∗a: assumed starting porosity

∗b: estimated porosity using Eq. (4.4)

Lp : measured permeability in filtration test
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Figure 4.5: Sensitivity analysis of Carman Kozeny model

ing the different results by using different formulas and there are discrepancy between

them (Van der Bruggen et al., 1999; Lin and Burggraaf, 1993). By applying one of the for-

mula mentioned as Stokes diameter in literature, the estimated pore size was 0.79 nm

for original 7K1 membrane, having a MWCO of 6605 Da. This result is much smaller

than that obtained in this study, which was 3.06 nm. If 7K1 membrane has a porosity of

0.55 as we assumed before, the permeability of it can be 25 L/(m2 h bar) or 5 L/(m2 h bar)

respectively, when the pore size is estimated as 2.79 nm and 0.79 nm.

4.5. Limitation
When Eq. (4.1) is employed for calculation of either the permeability or pore size, it con-

tains much uncertainty because of the introduction of the membrane surface porosity

and tortuosity. Two different types of characterization methods for the porous mem-

branes can be distinguished: structure-related parameters and permeation-related pa-

rameters (Mulder, 1991). The former is about the determination of pore size, pore size

distribution, top layer thickness and porosity while the latter is related to actual sepa-

ration parameters using solutes that are partly retained by the membrane. Both the pa-

rameters obtained from the filtration experiment, carried out in this study, namely per-

meability and MWCO, are permeation-related parameters. It is usually hard to get the

real pore geometry and some assumption have to be made beforehand. Although the

configuration of pores in studied membranes does not strictly follow the close-packed-

pattern or even might deviate dramatically from it, the model results, as discussed be-
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fore, still gave some information about the membrane properties which can be used as

a first estimate in determining possible application field (Mulder, 1991).

It should be pointed out that in two-layer model, we divided the filtration layer into

two parts according to the calculated efficient coating depth, while in reality, the clear

boundary does not really exist. The thickness of deposited film might decrease grad-

ually from surface. And therefore there is some uncertainty when applying this model

to calculate permeability. In addition, the good match of model results (method 1) and

measured results does not necessarily mean that any single of these parameter is correct

or close to the real value.



5
Conclusions and Recommendations

5.1. Conclusions
The main objective of this study was to compare two types of atomic layer deposition

(ALD) methods, namely thermal ALD and plasma-enhanced ALD (PEALD), for coating

of thin films on ceramic ultrafiltration (UF) membranes. In this study, ceramic tight UF

disc membranes with a diameter of 90 mm were used as the substrates. The performance

of the studied membranes, consisting of permeability and the molecular weight cut-off

(MWCO), was examined in this study. In addition, the effective coating depth of the

coated membranes was calculated by analyzing the element abundance in the coated

membranes. How the effective coating depth reflect on the membranes performance

was also included. The following conclusions can be drawn from the experiments and

analyses reported in previous chapters:

1. Performance of coated membranes

• A clear decline in MWCO, measured by PEGs’ rejection, and loss of perme-

ability were observed in membranes coated by either thermal ALD or PEALD

as compared to the original substrate membranes.

• The decreases in MWCO, observed during the experiments, were proved to

be caused by the narrowing of pore size.

• The narrowing of pore size caused a decrease of porosity, which further re-

sulted in a declined permeability. In addition, the pore loss due to pore block-

ing might also cause the loss of permeability.

2. Structure of coated membranes

• The deposited film was not homogeneous along the pore wall and the

amount of deposited material in the pores decreased towards the deeper

parts of the separation layer of the membrane.

• A more shallow coating depth was obtained by PEALD, which gave as-

deposited membranes a better MWCO, while having less permeability loss

than those coated by thermal ALD.

43
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• Both thermal ALD and PEALD can partly or even totally cured the defects

present in the substrate membranes with an original MWCO of 7K and 10K.

3. Characteristics of both thermal ALD and PEALD

• Precursors diffuse more easily in bigger pores, which explains why the largest

tested 10K membranes have the deepest effective coating depth.

• When a wafer for testing the growth rate of deposition, was put upside down,

the precursors (TiCl4 and H2O for thermal ALD, TiCl4 and O2 plasma for

PEALD) in the gas phase reacted with the surface as they did in the situa-

tion when the wafer was set in normal up position. This indicates that the

methods could also be used for the coating of tubular membranes.

4. Carmen Kozeny model

• The Carmen Kozeny model fitted the measurements data in the right order of

magnitude. The model showed that the pore size suffered a great drop during

deposition which also led to the decrease in porosity.

• Since the Carman Kozeny model fitted well with the measurements data, it

is therefore recommended to be used to calculate the permeability of ALD-

coated ceramic membranes, and to testify the relationship between porosity,

pore size of membranes and properties of liquids.

5.2. Recommendations and Future Study
From the research the following experimental recommendations and suggestions for fu-

ture study are extracted:

• When using ALD or PEALD to narrow the pore sizes of ceramic membranes to a

targeted pore size, it is recommended to select a membrane with a pore size near to

the range of the target membrane, since the porosity would decrease considerably

if the initial pore size (MWCO) is far from the target pore size. This is basically

due to the restricted number of pores in the substrate membranes of higher initial

MWCO.

• The coating conformality should be further studied on tubular ceramic mem-

branes using ALD. In this study, we explored the diffusivity of precursors in con-

fined geometry, and the result gave a positive signal to further study the films

growth and conformality of deposited film on tubular ceramic membranes.

• Since we only used a fixed plasma exposure time in this study, it would be appeal-

ing to investigate the effect of different exposure times on the growth kinetics and
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conformality in ceramic tight UF membranes with certain pore sizes. In the study

by Dendooven et al. (2010) and Kariniemi et al. (2012), different exposure times

were tested, and it was found that with a shorter exposure time, the conformality

became poorer and the effective coating be more shallow, indicating that the loss

of permeability during coating would probably be less.
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A.1. Permeability

A.2. Molecular weight cut-off

A.3. SEM-EDX
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(a) 2K series

(b) 7K series

(c) 10K series

Figure A.1: Permeability of Inopor membranes before and after ALD



A.3. SEM-EDX
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(a) 2K series

(b) 7K series

(c) 10K series

Figure A.2: MWCO of Inopor membranes before and after ALD
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Table B.1: Reaction probabilities s for several precursors and reactants (including some related to plasma pro-

cesses) as reported in the literature. The accuracy is indicated when available.

Step Species
Deposited

material

Reaction

probability
References

Precursor Al(CH3)3 Al2O3 0.001 (Elam et al., 2003)

Al(CH3)3 Al2O3 0.026 (Kim et al., 2007a)

Al(CH3)3 Al2O3 0.1 (Dendooven et al., 2009)

Al(CH3)3 Al2O3 0.1-0.9 (Prechtl et al., 2003)

Hf(NEtMe)4 HfO2 0.03-0.6 (Rose et al., 2010)

Ti(NMe2)4 TiO2 0.02±0.005 (Rose and Bartha, 2009)

Ti(OiPr)4 TiO2 0.04-0.1 (Kim et al., 2007b)

Cp*Ti(OMe)3 TiO2 0.01 (Rose et al., 2010)

TiCl4 TiN 0.006±0.002 (Greer et al., 2003)

ZnEt2 ZnO 0.007 (Elam et al., 2003)

SiCl4 SiO2 10×10−8 (Elam et al., 2003)

Reactant H2O Al2O3 0.01-0.1
(Prechtl et al., 2003)

O3 Al2O3 0.001-0.01

Plasma O Al2O3 0.1-0.9 (Prechtl et al., 2003)

H TiN 0.0003±0.0001
(Greer et al., 2003)

N TiN 0.01±0.002
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Table B.2: Surface recombination loss probabilities r for H, N and O radicals on various material surfaces as

reported in the literature. The accuracy is indicated when available.

Radical Surface
Recombination

probability
Reference

H Silica 0.00004±0.00003 (Kim and Boudart, 1991)

Alumina 0.0018±0.003 (Tserepi and Miller, 1994)

Pyrex 0.0058±0.0018 (Wood and Wise, 1961)

Stainless steel 0.032±0.015 (Tserepi and Miller, 1994)

Silicon 070±0.10 (Abrefah and Olander, 1989)

Titanium 0.35
(Wood and Wise, 1961)

Aluminum 0.29

Nickel 0.20±0.09 (Tserepi and Miller, 1994)

Copper 0.14

(Wood and Wise, 1961)
Gold 0.15±0.05

Palladium 0.07±0.015

Platinum 0.03

N Silica 0.0003±0.0002 (Kim and Boudart, 1991)

Stainless steel 0.0063

(Knoops et al., 2010)Silicon 0.0016

Aluminum 0.0018

O Silica 0.0002±0.0001 (Kim and Boudart, 1991)

Pyrex 0.000045

(Greaves and Linnett, 1959)

Aluminum

oxide
0.0021

Zinc oxide 0.00044

Ferric oxide 0.0052

Cobalt oxide 0.0049

Nickel oxide 0.0089

Cupric oxide 0.043
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Table B.3: Permeability and MWCO of all membranes and comparison with estimated permeability

Before coating After coating

MWCO Pmeasured P∗
modelled MWCO Pmeasured P∗

modelled

2K1 2458 174.8 26.5 1966 28.3 20.7

2K2 2177 145.3 27.1 1330 10.5 17.7

2K3 2190 163.1 20.2 2919 134.1 20.2

2K4 2241 156.6 26.1 2746 132.5 26.1

7K1 6605 43.1 31.3 1052 0.9 0.9

7K2 6875 44.7 43.3 667 2.3 0.6

7K3 5092 72.9 - 3216 22.8 -

7K4 6060 38.0 29.4 3059 23.4 29.4

10K1 10178 47.7 40.4 6154 16.5 13.4

10K2 10153 46.0 43.9 5254 46.6 10.4

10K3 10059 48.4 50.3 26763.0 52.5 50.3

10K4 10015 48.4 40.7 24647.0 52.9 40.7

*: estimated using Carman-Kozeny equation (Seader et al., 1998)

Table B.4: Thickness of filtration layers and efficient coating depth, nm

Membrane ` f εbefore Dbefore `c εafter Dafter

2K1 497±15 0.55 1.99 220 0.41 1.80

2K2 437±21 0.55 1.88 120 0.29 1.52

2K3 589±86 0.55 1.89 - - 2.14

2K4 466±98 0.55 1.91 - - 2.08

7K1 1003±111 0.55 3.06 610 0.05 1.37

7K2 750±226 0.55 3.12 320 0.03 1.12

7K4 990±83 0.55 2.95 - - 2.19

10K1 1132±141 0.55 3.70 1460 0.28 2.97

10K2 1040±65 0.55 3.70 1255 0.23 2.77

10K3 900±57 0.55 3.68 - - 5.65

10K4 1110±128 0.55 3.67 - - 5.45

` f : thickness of filtration layer, measured from SEM image

`c : coating depth, estimated from EDX measurement (Fig. 3.2)

εbefore, Dbefore: porosity and pore size of filtration layer before coating

εafter, Dafter: porosity and pore size of coated layer within filtration layer
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