Un1ver51ty

Qf Glasgow

Lira, Hélio de Lucena (1996) Preparation and properties of ceramic and
surface modified ceramic membranes. PhD thesis

http://theses.gla.ac.uk/6736/

Copyright and moral rights for this thesis are retained by the author

A copy can be downloaded for personal non-commercial research or
study, without prior permission or charge

This thesis cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the Author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the Author

When referring to this work, full bibliographic details including the
author, title, awarding institution and date of the thesis must be given.

Glasgow Theses Service
http://theses.qgla.ac.uk/
theses@gla.ac.uk



http://theses.gla.ac.uk/
http://theses.gla.ac.uk/6736/

PREPARATION AND PROPERTIES OF CERAMIC AND SURFACE

MODIFIED CERAMIC MEMBRANES

Thesis Submitted to the University of Glasgow

for the Degree of Ph.D.

HELIO DE LUCENA LIRA

FACULTY OF SCIENCE

CHEMISTRY DEPARTMENT

December 1996



IMAGING SERVICES NORTH
oooooooooooooooooo

BEST COPY AVAILABLE.

VARIABLE PRINT QUALITY



Summary

In this research anodic alumina membranes are prepared and improved. Experimental
method for preparation of novel small pore size asymmetric anodic alumina membranes
is described. The method consists in to reduce the anodisation voltage and maintain
constant in this low voltage for a long period of time. After the aluminium substrate
and caps are removed by using a large voltage pulse for a very short time and the
membrane is separated instantly. The barrier layer formed on the anodic alumina film is
removed and all pores are open. Normally anodic alumina membrane are released from
the aluminium substrate by chemical attack, either by dissolution of the aluminium foil
or by dissolution of the barrier film of alumina. All these method involve dissolution of
the pore wall and membrane with small pore size can not be produced

Scanning electron microscopy (SEM), atomic force microscopy (AFM) and gas
permeation methods were used for the characterisation of pore size of anodic alumina
membranes. Gas permeation measurements were performed using flat membranes with
different pore sizes. It is shown that the permeation mechanism for anodic alumina
membranes is Knudsen diffusion. This mechanism of gas permeation have been used to
determine pore diameters. A good agreement between the anodisation voltage, direct
observation by SEM and AFM and Knudsen predictions was observed. The anodic
alumina samples studied in this research were 65, 50, 40, 11 and 5 nm diameters
approximately. For the smallest pore size direct observation by SEM and AFM were
difficult.

N-dodecyl-phosphate (nDP) and octadecyl-phosphate (ODP) were used to modify
anodic alumina membrane. The analysis made by FTIR showed that nDP and ODP

formed a stable monolayer on surface of anodic alumina membrane. Also the gas



permeation studies showed that the modification effectively reduced the pore size of
the membrane and the permeability of the tested gases decrease by 4 times,
approximately, for nDP treatment and 60 times, approximately, for ODP treatment.
The modification with ODP shows a high separation factor for CO, and C,;H, when
compared with helium and this results is interesting for use of separation of these
gases. Also the pore diameter of the anodic alumina was estimated by gas permeation
combined with surface modification. In this study the results obtained for pore
diameter using nDP and ODP modifications are smaller than the results predicted by
pure gas permeation.

A new way to prepare hydrophobic y-alumina membranes is also reported.
Polydimethylsiloxane oil was grafted onto a porous alumina membrane by heating, to
180 °C, producing a covalently grafted monolayer of silicone oil, chemically and
thermally stable, unaffected by organic solvents but susceptible to alkali attack (as is
the silicone oil itself). The membrane is totally impermeable to pure water, and organic
solvents may be extracted from water mixtures by pervaporation. Very high
permeation fluxes were obtained, suggesting possible use of these silicone/ceramic
membranes in extraction of volatile organic compounds (VOCs). This simple
modification can be applied to macroporous membranes increasing hydrophobiticy
without pore blocking.

Also stable trichloro-octadecyl silane (ODS) derivatives of a Snm -alumina ceramic
membrane were prepared. Gas permeabilites of the untreated membrane did not show
Knudsen diffusion at 20 °C. Gas permeabilities of the ODS membrane were three
orders of magnitude lower. He, Ne, Ar, CO, , C,H, have near constant permeabilities

360x10"" mole s’ m? Pa’ except methane which has the highest permeability of the



group, 481x10"" mole s’ m? Pa'. The mechanism of diffusion is solution/diffusion.
Remarkably, permeabilities of ODS-alumina membrane were reduced by Sx after
exposure to a pressure difference of latm (active layer side) against vacuum for only
ten minutes. The effect was metastable but could be reversed on standing for several
hours, reversal of pressure difference or after washing with (hydrocarbon solvent)
toluene. The mechanism was presumed to be due to movement of the
octadecyl-hydrocarbon chains of the silane monolayer causing a partially blocked

pore structure; perhaps a unique example of self-fouling.
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CHAPTER 1

1.1 Introduction

The preparation of inorganic membranes has received great attention in the past few
years. A number of excellent reviews have been published recently [1-4]. Ceramic
oxide membranes, anodic alumina membranes, glass membranes and others
membranes have been of most interest [1] because of their potential application in gas
separation and high temperature membrane reactors [2] as well as in liquid separation
processes. Ceramic membranes are today successfully applied to a wide variety of
separation, concentration and purification problems in many industries [3].

The most generally applicable method of preparation is by a sol-gel process and in a
smaller scale by anodic oxidation. By refinements of these methods membranes may be
prepared with very thin active layers, excellent permeabilities and almost any desired
porosities down to ultrafiltration levels and some experimental membranes even show
pore sizes below 2 nm which is acceptable for nanofiltration. However ceramic
membrane materials are limited in practice to four insoluble oxides , silica, alumina,
titania and zirconia: there is very little choice of membrane material. The limited range
of ceramic materials compared with the almost limitless range of organic polymers
make the unmodified ceramic membranes less attractive. For this reason, there has
been renewed interest in surface modification of inorganic membranes as a means to
improve and expand their use in separation and other processes. A selection of these
can be found in the Proceedings of the International Conferences on Inorganic
Membranes [S-13]. Most treatments either involved the production of composites or

membrane coating using polyelectrolytes. Clearly the properties of the membrane are
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determined by its surface and if this is modified a new membrane is produced with
properties which depend primarily upon the new surface created and have little or no
relation to the original. In general, the mechanical properties are dictated primarily by
the ceramic support, while the permeability is influenced principally by the chemistry
and configuration of the covalently-bonded compound.

The research presented in this thesis begins with the preparation of anodic alumina
membranes, described in Chapter 2. A new technique to remove the aluminium
substrate and barrier from anodic film is applied. This is followed by discussions on the
preparation of asymmetric structures that can lead to a new small pore size
membrane.

In Chapter 3, the general microstructure of the anodic alumina membrane is discussed.
Scanning electron microscopy (SEM) and atomic force microscopy (AFM) are used to
study the general features of the anodic alumina membrane, mainly thickness, pore
density and porosity.

Although the microstructure of anodic alumina membranes has been studied by high
resolution scanring electron microscope and also by the newer atomic force
microscope, the pore diameters measured by this techniques are limited to large pores
(>40 nm, particularly in this study). However, due to a very high regularity of the
features of the anodic alumina membranes a geometrical model, discussed in Chapter
4, was applied from the SEM and AFM data to extrapolate the small pore diameter of
the asymmetric membranes prepared when the formation voltage is reduced at the end

of the anodisation.
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Although individual estimates of the pore diameter for the small pore size anodic
alumina membranes were predicted from geometric considerations an additional
independent method to confirm these results was necessary. In  Chapter 5, a gas
permeation method was designed for the characterisation of pore size of homogeneous
and asymmetric anodic alumina membranes. In this technique the measurement of the
gas permeability coefficient as a function of the mean pressure across a membrane was
used to determine a mean pore diameter of the membranes.

The last three chapters (Chapters 6, 7 and 8) are devoted to a preparation of surface
modified ceramic membranes and their gas permeation properties. Chapter 6 describes
the chemical treatment of anodic alumina membranes by organo phosphate compounds
and their characterisation by the gas permeation method. The measurements are
performed using flat anodic alumina membranes after chemical surface modification by
n-Dodecylphosphate and Octadecylphosphate. The permeation mechanism for
untreated and treated membranes is applied to estimate the pore diameter of the
anodic alumina. A new method to prepare hydrophobic membranes is reported in
Chapter 7. Polydimethisiloxane oil is grafted onto a porous y-alumina membrane. The

covalently grafted monolayer of silicone oil produces a stable (chemically and

thermally) silicone/ceramic membrane. The composite membrane produced is totally
impermeable to pure water. Finally, Chapter 8 describes the modification of y-alumina

membranes by silane compounds. Surprisingly, when the membrane is treated by
trichloro-octadecylsilane the gas permeabilities are reduced drastically and show a

metastable behaviour and can be reversed on reversal of pressure difference or after
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washing with hydrocarbon solvent. This mechanism is presumed to be due to
movement of the octadecyl carbon chains of the silane monolayer causing a

self-fouling.

1.2 Background To Ceramic Membranes

Ceramic membranes were first developed in the 1940's for nuclear applications, and
essentially for the separation of uranium isotopes by the process of gaseous diffusion
applied to UF, [14, 15]. These materials were porous alumina and zrconia. The
preference for these oxide materials may be due to several factors, one of which is the
apparent corrosive nature of uranium hexafluoride, for example, toward metals [15].
Non-nuclear applications of these membranes started at the beginning of the 1980's in
France and in USA. Today more than twenty companies have introduced inorganic
membranes on the market and the number is increasing rapidly. European, American
and Japanese companies are now competing [16], in the emergent market.

Ceramic membranes has been commercialised first in the microfiltration applications.
The major evolution in the characteristics of the ceramic membranes during the last
few years is the decrease in the pore size of the products. Commercial ceramic
membranes for ultrafiltration began to emerge and ceramic nanofiltration membranes
have just became available [17].

Several methods can be used to prepare ceramic membranes, bl;t slip casting of fine
particle dispersions, from sol-gel process, is the most widely used technique for

preparing ceramic membranes.
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Another completely different type of ceramic membrane also has its origin in nuclear
industry [18] and is obtained by the anodic oxidation of an aluminium sheet. Today

this method is used to produce commercial anodic alumina membrane.

1.2.1 Anodic Alumina Membranes

Throughout the present thesis, a difference between anodic alumina films and anodic
alumina membranes is made. Anodic alumina films are taken to be those oxide layers
produced by anodically oxidising aluminium in suitable electrolytes and comprise a
porous "relatively pure alumina" film with a impermeable barrier layer (or caps) at the
end of the pores (see Figs. 2.3a and 2.3b, in Chapter 2). Anodic alumina membranes
are taken to be those anodic alumina films with the barrier layer (or caps) removed by

electrochemical treatment or acid dissolution (see Fig. 2.3c, in Chapter 2).

Anodic Alumina Films

The process of anodic oxidation of aluminium and the resulting structures which have
been realised were described in 1953 [19]. A review by Diggle et al [20] has covered
this field from 1930 up to 1969. The thorough review by Thompson and Wood [21]
contains valuable information about structure, composition and mechanism of growth
of anodic films on aluminium surfaces. Many of these aspects were studied in the
period of 1970-1983.

O'Sullivan and Wood [21] made an extended study on the morphology and mechanism

of formation of porous anodic films on aluminium. Structural studies were also carried
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out by Takahashi et al [22], Thompson ef al [23], Furneaux, Thompson and Wood
[24] and Pavlovic and Ignatiev [25]. Some conclusion listed from the above studies
are:

1. Pore initiation in anodic films produced at constant current density occurs by the
merging of locally thickening oxide regions, with appear related to the substrate
substructure, and the subsequent concentration of current into the residual thin
regions.

2. The pores grow in such a way that their diameter remains proportional to the
applied voltage as the steady state is approached.

3. The barrier-layer thickness, cell diameter and pore diameter are directly
proportional to the formation voltage.

4. Increase and/or decrease of the voltage during anodisation leads to a redistribution
of pore and cell populations, requiring pore merging or termination and pore initiation,
respectively.

5. Use of relatively weak electrolytes produces porous films with thicker barrier layers,
larger cell and larger pores next to the barrier layer than strong electrolytes under
constant current density conditions.

6. Pore widening, film distortion and film collapsed upon drying, produced by
chemical dissolution during prolonged contact with the electrolyte are more severe
with strong electrolytes.

Anodic alumina films have most commonly been formed in sulphuric, phosphoric,

chromic and oxalic acid electrolytes [26]. Commercially pure aluminium has been
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potentiostatically anodised in phosphoric acid for a range of voltages and anodising
times. The microstructure, of these anodic layers, consists of hexagonal columnar
cells, with a centrally situated pore that runs down the column of each cell. The
regularity of thic structure allows the pore diameter and percentage porosity to be
controlled and measured within each film. The fabrication of inorganic membranes,
through anodisation of aluminium, requires control of voltage, electrolyte temperature
and composition, and anodisation time. The pore size decreases directly with anodic
voltage.

According to Thompsom and Wood [27] and Furneaux et al [28] the pores grow in
diameter and change in number until the steady-state morphology is established. The
steady-state barrier-layer thickness, cell diameter and pore diameter are all observed
to be directly proportional to the formation voltage. It becomes evident that the
barrier-layer thickness, decided largely by an equilibrium established between oxide
formation in the barrier-layer and field-assisted dissolution (probably thermally
enhanced) at the pore bases, determines the cell and pore sizes by a simple geometrical
mechanism. Shimizu et al [29] suggest a model to explain the growth of anodic
alumina films at the metal/film interface based on migration of O> and AP ions,
inward and outward, across the thickening barrier oxide. Current is subsequently
concentrated into the thin film regions between protuberance of locally thicker films

which become the preferred regions for pore development.
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Anodic Alumina Membranes

The process for producing an anodic alumina membrane was first described by
Mirtensson et al [18] and patented by Smith [30, 31]. Anodic alumina membranes
have been produced since 1986 on a commercial scale by Anotec Separations [32].
Basically two type of membranes in laboratory-scale modules are available; (1) a
homogeneous membrane with pores of 200 nm and a porosity of 65% or higher; and
(2) an asymmetric membrane with pores of 20 nm in the top layer and porosity about
50%.

In the process patented by Smith [30] for producing an anodic alumina membrane a
sheet of aluminium is mounted in a cell in such a way that the sheet can be exposed to
different solutions on both sides of the sheet. The preparation procedure can be
summarised as follow: Aluminium foil (thickness 12 um) was anodised by placing a
solution of 15% solution of H,SO, on one side of the foil for a period of 37 minutes.
After rinsing, the sample was etched with H,SO, on unanodised side and in pure
distilled water on the anodised side. After rinsing again, the sample was washed for 20
min at 50-60 °C and allowed to cool slowly.

Rai and Ruckenstein [33] describe a process to produce a porous anodic alumina film
by using two sheets of aluminium pressed together to produce pores extending across
the entire thickness of one sheet. In this method oxalic acid at room temperature was
used with anodisation voltages between 10 and 40 V. The pore size obtained was
about 18 nm and it was shown that the cell size increase linearly with increasing

anodising voltage.
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Itaya et al [34] report a method to prepare anodic alumina membranes by using a cell
for anodising where only one face of the aluminium sheet was anodised. This used
sulphuric and oxalic acids as electrolytes. The aluminium substrate was etched by HCI
and the barrier layer (or caps) were removed by H,SO, concentrated. In this study the
pore size of the membranes was measured by SEM and the diameters were found to
be > 20 nm.

Furneaux et al [35- 37] described a method to prepare an anodic film with an
asymmetric structure by a programmed voltage reduction during the anodisation. To
detach the film from the aluminium metal the anodised material was briefly immersed
in orthophosphoric acid and the anodic membrane was lifted from the aluminium. The
pore diameters are in the range 28-51nm by this method.

Recently, Paterson et al [38] and Mardilovich e al [ 39-42] have developed
polycrystalline anodic alumina membranes by controlled calcination of amorphous
anodic alumina membranes. In these studies the polycrystalline anodic alumina
membranes, formed by calcination at temperature >800°C, have an exceptionally high
resistance to acid and base.

Itoh et al [43] also describe the preparation of a tubular anodic alumina membrane
using an aluminium tube of 45 mm length, 0.5 mm thick and 6mm in its outer
diameter. The tubular anodic alumina membrane obtained was 35-40um thick and has

pore diameters between 20-50nm.
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1.2.2 Sol-Gel Membranes

Basically, a sol-gel ceramic membrane can be described as an asymmetric porous
ceramic formed by a macroporous support with successive thin layers deposited on it.
The support provides mechanical resistance, intermediate layers offer satisfactory
support properties for the upper layer, and the top layer is the active one. The
intermediate layer should prevent the penetration of the precursor of the top layer
material into the pores of the support during the synthesis and the collapse of the thin
finished top layer into the large pores of the support. Depending on the application
different techniques are applied to prepare porous ceramic membranes. For
microfiltration in which pores of less than one micrometer are needed suspensions of
submicron powders have to be processed using spin coating, slip-casting or
tape-casting techniques depending on the support shape (flat or tubular). For
ultrafiltration and nanofiltration colloidal particles are needed and cannot be handled
as dry powders, in this case colloidal suspensions are used. These particles and
colloidal suspensions are obtained mainly by the technique known as the sol-gel
process.

At least two main routes can be described in sol-gel process: the colloidal suspension
route and the polymeric gel route [44]. The general steps involved in these two routes
for making ceramic membranes are shown schematically in Fig. 1.1. In both cases, a
precursor is hydrolysed while a condensation or polymerisation reaction occurs

simultaneously. The precursor is either an inorganic salt or a metal organic compound.
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In the colloidal route, a faster hydrolysis rate is obtained by using an excess of water.
A precipitate of gelatinous hydroxide or hydrated oxide particles is formed which is
peptised in a subsequent step to a stable colloidal suspension. The primary colloidal
particles so obtained are usually in the range of 5 to 15 nm. Acid or base are added to
break up the precipitate into small particles. Various reactions based on electrostatic
interactions at the surface of the particles then take place. The result is a stable
colloidal solution. Organic binders are then added to the solution and a physical gel is
formed, this gel is then heat treated to form the ceramic membrane.

In the polymeric gel route which hydrolyses rate is kept low by adding successively
small amounts of water and by choosing a precursor with hydrolyses only relatively
slowly. The final stage of this process is a strongly interlinked gel network with a
structure different from that obtained from the colloidal route. The gel layer is dried

and head treated to form a rigid oxide network held together by chemical bonds.
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CHAPTER 2

2.1 Introduction

Synthetic membranes are used in a number of diverse applications, such filtration,
bioreactors, tissue culture, analytical devices including sensors, and as supports for
active materials. Narrow pore size distribution, high pore density and thinness are
often important attributes. It has long been observed that when aluminium oxidizes on
its surface [1], the resulting structure of the oxide is rather unique in having cylindrical
pores normal to the film surface. The anodising voltage controls the pore size and pore
density, whereas the thickness is determined by the amount of charge transferred. The
ability to design porous films of pre-determined morphology makes the anodic alumina
films potentially well-suited for use as porous membranes. Researchers have turned
this unique phenomenon into synthesis of controlled membrane morphology [2-9]. A
major problem with this technique, however, is that the porous anodic alumina film
layer adheres strongly to the aluminium anode metal with the pore base closed by an
oxide barrier layer which is difficult to remove. In order to create 'through' pores it is
necessary to detach the film from the aluminium and remove the barrier layer [6].
Normally anodic alumina films are release from the aluminium substrate by chemical
attack, either by dissolution of the aluminium foil or by dissolution of the barrier film
of alumina [2, 3, S, 6, 8, 9]. Both methods, and particularly the second, can lead to
enlargement of pores due to partial dissolution of pore walls.

Furneaux et al [5, 6, 9] describe a method to separate anodic alumina film and
perforate the barrier layer by progressively reducing the anodising voltage to a very

low value to reduce the barrier layer thickness and subsequently by chemical attack of
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the aluminium to detach the anodic alumina film. The membrane produced by this
method has an asymmetric morphology with larger pores interconnected with smaller
pores at the interface originally adjacent to the aluminium. Membranes produced by
these methods are limited to pore size ( >15 nm) due to chemical dissolution.

Paterson ef al [10] and Mardilovich ez al[11, 12] developed a method in which a very
large voltage pulse is applied for a very short time to the aluminium anode at the end
of the anodisation which removes the barrier layer and separates the membrane
instantly. By this method the barrier film of anodic alumina is completely removed and
all pores are open. The greater advantage of this new method is that it is electrical and
so fully quantifiable and does not involve dissolving chemicals which need to be
applied carefully and washed off quickly to prevent damage or even total dissolution
of the membrane.

The research presented in this chapter is an extension of the technology for the
preparation of anodic alumina membranes, using the new technique to disclose the film
formed from the aluminium substrate and used to prepare membranes with small pore
size (<13 nm) impossible by early technologies. The pore diameter of all these anodic
alumina membranes is effectively determined by the formation voltage of the

anodisation process.
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2.2 Experimental
2.2.1 Anodisation System

An automated anodisation system was developed in the course of this research. This
system enabled the production of anodic alumina films to be fully controlled. It was
designed to apply precise anodic voltages for precise times and to record and monitor
current/voltage curves as a function of time during the anodisation. With this system it
is possible to obtain a extremely reproducible membrane. Fig. 2.1 shows schematically
the connection between the computer and the power supply on one hand and the
anodisation cell and the circulator bath on the other. The system was controlled by a
Buchler programmable power supply (1000 VDC and 400 mA) from CP Instruments
Ltd. and the Grant LTD-20 refrigerated circulator bath was obtained from Orme
Scientific Ltd.

The anodisation cell (Fig. 2.2) consist of a metallic container coated by a chemically
resistant insulating vamish to isolate the electrolyte solution and prevent electrical
leak. The volume of electrolyte solution in the cell was 2 litres, approximately. A
thermostated bath with refrigerated distilled water circulated through the walls was
used to control the temperature during the anodisation (usually maintained at 10 °C).
A circulation pump in "Teflon" was designed and constructed to stir the electrolyte
solution. The temperature difference between the distilled water in the refrigerated
circulator bath and the electrolyte solution was 0.1 °C. Two electrode holders built in
"Teflon" were used to support a platinum mesh cathode (10 x 10 cm’ of area) and an

aluminium anode. Typically an electrode was (5 x 5 cm?® of total area and 8.04 cm’ of
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exposed area). The distance between the platinum mesh cathode and the aluminium

sample was 2.5 cm.
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2.2.2 Preparation of Anodic Alumina Film

Anodic alumina membranes were prepared by anodisation of aluminium foil, purity
99.999% and 70 um thick supplied by Johnson Matthey, Materials Technology, UK.
The aluminium foil was first degreased in a Soxhlet apparatus using boiling
1,1,1-tri-chloro-ethane for 30 min., then cleaned ultrasonically three times with fresh
isopropanol and finally washed in distilled water. To prepare membranes with
precisely defined shapes some part of the aluminium was protected with a photoresist
(OFPR-800 positive resist, viscosity 20.0 +15 cps, acquired from Dynachem
Corporation, UK). To assist the adhesion of the photoresist on the aluminium surface
a very thin layer of anodic alumina was created using an applied voltage of 40 V for 2
min. The electrolyte was oxalic acid 3% w/w and the process performed at room
temperature (20 °C). The coated electrode layer was then washed with distilled water
and dried at 140 °C for 30 minutes. Some drops of photoresist was put in the center of
the aluminium surface, which was then centrifuged at 1500 rpm for 10 seconds and
dried at 70 °C for 20 minutes. A uniform coating of photoresist was obtained by this
method. In this process it was necessary to protect the coated surface from light.
Using a mask with desired shape of the membrane and the opaque remainder was
exposed in UV for 5 minutes, then developed in a solution of tetramethyl ammonium
hydroxide (TBAH 1.2%, from Dynachem Corporation, UK) for 2 minutes. It was then
washed in distilled water and baked at 80, 100, 120 and 140 °C for 20 minutes in each
temperature. After, backside of the aluminium was protected by varnish. At this stage

only the area selected for membrane production is exposed. To re-establish electrical
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contact and initiate the production of a uniform anodic film layer, the initial thin layer
of oxide, created only to stick the photoresist, was removed by dissolution using a
solution (20 g CrO,, 35 ml H,PO, 88% w/w, make up to 1.0 litre with distilled water)
at 90 °C for 2 minutes. Finally, the aluminium was washed in distilled water and
mounted on its Teflon holder to be anodised. The anodisation process was performed
by using oxalic solution 3% w/w, at 10 °C under constant voltage conditions (the
larger the voltage the larger in pore diameter). Oxalic acid was chosen as electrolyte
because it permits anodisation at low voltages with enough current flow and also
according to [13] the pore and cell diameters are smaller for the films formed in oxalic
acid than for those observed for films formed in phosphoric acid, for instance.
Basically, two different programmes were used in this study to produce different
structures of the anodic alumina film; 1) at constant anodising voltage, to obtain a
regular anodic alumina film; 2) at constant anodising voltage, followed by
progressively reducing the anodising voltage to attain final constant but low final
anodising voltage. This latter produced asymmetric anodic alumina film with two
uniform pore layers one large the other small with a very thin branched pore structure
intermediate. Conditions of preparations are summarised on Table 2.1. Afterwards,

remaining aluminium was removed by electrochemistry treatmeiit (see next Section).
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2.2.3 Electrochemistry Treatment to Release the Anodic Film from the Aluminium

Normally the film produced by the anodisation on the aluminium sample is removed
either by the dissolution of the remain metal, barrier layer [S] or by reversing the
polarity of the electrodes at the final stage of anodisation [14]. In this research the
aluminium substrate was removed from the alumina layer by an electrochemical
treatment. For this propose it was constructed a special power supply capable to
produce a voltage pulse up to 150 V and current up to 15 A. In this technique the
anodic film produced with aluminium substrate was deep in a mixture of perchloric
acid (HCIO, , 70 ml; 72% w/w) and acetic anhydride ((CH,CO),0, 130 ml 98%,
d=1.08 g/ml) and voltage of 15 V greater then the final voltage of anodisation was
applied during 1-3 seconds, approximately, stirring was not necessary. In this case
anodic alumina film was separated from the aluminium panel immediately, and the
barrier layer was removed from the film according to the sequence in Fig. 2.3 (a, b, ¢).
The film was washed in distilled water and allowed to dry at room temperature. Fig.

2.4 show a flow-chart of the preparation process for anodic alumina films.
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2.3 Porous Anodic Film Formation on Aluminium

The anodic alumina membrane preparation described in this research successfully
obtained small and regular pores diameter (<13 nm). Films were formed at various
constant voltages in the range 5 to 72 V, using oxalate (H,C,0, 3% w/w) as an
electrolyte and controlled temperature (10 °C).

The code used to identify the method of preparation of various samples discussed
throughout this thesis was as follows:

72/1 - represents anodic alumina film prepared at constant voltage, 72 V for 1 hour.
60/3 - refer to sample prepared at constant voltage, 60 V for 3 hours.

40/5 - refer to sample prepared at constant voltage, 40 V for 5 hours.

72/1/10/16 - refer to sample prepared at constant voltage, 72 V for 1 hour, followed
by a progressively reduction from 72 to 10 V in decrements of 2 V/min and then
maintained in 10 V for 16 hours. Other description follow the same code, for example,
72/1/5/20 and 72/1/5/40 - refer to samples prepared at constant voltage, 72 V for 1
hour, followed by a progressively reduction from 72 to S V in decrements of 2 V/min
and then maintained in 5 V for 20 and 40 hours, respectively.

Figs. 2.5 to 2.9 show the voltage and current density versus time recorded direct from
the anodisation system during the preparation of the samples 72/1, 60/3, 40/5,
72/1/10/16 and 72/1/5/20, respectively. The exposed area on the aluminium sheet,
during the anodisation was normally formed by four circular sections with 1.6 cm in
diameter (total area 8.04 cm®). For sample 72/1 in the Fig. 2.5, as the voltage was

limited to constant 72 V, current density rises to 45 mA/cm® and declines rapidly to a
ty pidly
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low value, 13 mA/cm? , due to formation of the anodic film in the beginning.
Subsequently the current density increase to 24 mA/cm?, due to formation of porous
on anodic film. After this initial stage the current density declines to a relatively
constant steady-stage for the duration of the run. According to O'Sullivan and Wood
[15] at this steady-stage pore and cell structure are created with rather constant
dimensions. The cell diameter' and pore diameter' are all directly proportional to the
formation voltage. For samples 60/3 and 40/5 formed at 60 and 40 V, Figs. 2.6 and
2.7, respectively, the same effect appear on the begin of anodisation, where the
current density rises a maximum value close to 45 mA/cm?, for both samples, followed
by a decline to a steady-state of relatively constant current density, approximately 7
and 2.5 mA/cm’, respectively, where the development of the porous anodic film was
observed. For samples 72/1/10/16 and 72/1/5/20, Figs. 2.8 and 2.9, respectively, first
a support layer was created at constant anodisation voltage, 72V, for 1 hour, with the
same behaviour as discussed before. Subsequently, the anodisation voltage was
progressively reduced from 72 V to 10 and 5 V, respectively, in decrements of
2V/min. During these voltage reduction process, after each decrement, the current
density fell to a minimum value and rose after towards the steady state associated with
the new barrier-layer thickness. The process took about 30-35 minutes when the final
voltage was achieved. At the final voltage, the current densities maintain constant at

values of 0.87 and 0.37 mA/cm?, and the rates of formation film were found to be

! Cell diameter and pore diameter are defined in Fig. 4.1, Chapter 4, and refer to the size of the cell,
D, and internal diameter of the pore, d, created in the anodic film,
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0.56 um per 10V/h and 0.37 um per 5V/h, for the samples 72/110/16 and 72/1/5/20,
respectively.

2.4 Separation of Anodic Alumina Film from Aluminium Substrate

In the new technique developed by Paterson ef a/ [10] to remove the aluminium
substrate and the barrier layer to produce anodic alumina membrane a voltage greater
then the final anodisation voltage was applied, using a mixture of perchloric acid
(HCIO,) and acetic anhydride ((CH;C0),0). In this case a high current density was
reached (greater than 1000 mA/cm’ for the sample 72/1 when a pulse of 85 V was
applied). Evidence shown in the micrographs, in Chapter 3, suggest that the high
current density produced by the applied voltage pulse during the separation of the
aluminium substrate cause a local heating between the barrier layer and aluminium
substrate. A combination of dissolving process by the effect of electrolyte and local
heating induce to a cracking and removing of the caps. The schematic representation
of the mechanism of separation is shown in the Fig. 3.3. Some parts of the caps stay
on the surface of the aluminium substrate after separation of the anodic film formed,
this can be seen in Plate III, Chapter 3. It was also realised that the barrier layer and
the aluminium substrate was removed more easily from the anodised film, by the
electrochemical method, for anodisation in small voltage when compared with high
voltage. This effect can be explained by the fact that the barrier layer become very thin
at small anodising voltage. In this situation, when the anodising voltage decreases, the
current decreases exponentially, as shown in the Section before, and then the rate of

film growth decrease from the film/aluminium interface and there is a continue
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chemical dissolution from inside the pore. So a new barrier layer thickness was
formed. It is important in this stage to decrease the voltage slowly to recover the
current to stabilise this new barrier layer. Furneaux et al [16] and Takahashi ef al [17]
observed that for a large voltage decrement a non-uniform pores propagation is
created and subtle local variation in barrier layers at the base of different pores allow
preferential dissolution due to concentration of current at certain sites. The same
effect was observed in this study. However it was observed (see SEM characterisation
in Chapter 3) that even with the irregularities created during the voltage decrement all
caps were removed and this effect not affect the pore opening on the film. Also the
reduction of anodisation voltage produced an asymmetric structure with large pores
interconnected with smaller pores which increased in pore density and maintains the
porosity constant (this was shown in details in Chapter 4, Section 4.5). Moreover
after the lower final anodisation voltage was reached it was kept for a long time in this

voltage and a new continuous layer with small pores was created.
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Table 2.1 - Conditions of preparation of homogeneous anodic alumina membranes

Sample Ref. Oxalic t T U,,
(%) (h) °C) (Volts)

72/1 3 1 10 72
60/3 3 3 10 60
40/5 3 5 10 40

U,,, - Initial voltage of anodisation
T - Temperature of electrolyte solution
t - Time of anodisation

Table 2.2 - Conditions of preparation of asymmetric anodic alumina membranes

Sample Oxalic T U, th U, tou

Ref. (%) “C) (Volts) (h) (Volts) (h)
72/1/10/16 3 10 72 1 10 16
72/1/5/20 3 10 72 1 20
72/1/5/40 3 10 72 1 40

U,,, - Initial voltage of anodisation
U,,, - Final voltage of anodisation

T - Temperature of electrolyte solution
t,,, - Time of anodisation for initial voltage
t,., - Time of anodisation for final voltage
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CHAPTER 3

3.1 Introduction

The preparation methods and the conditions reported in Chapter 2 describe the general
mechanism of formation of the anodic alumina membranes. The structural features will
be examined in this chapter using scanning electron microscopy and atomic force
microscopy.

The most widely used method of characterising the morphology of membranes,
particularly ceramic membranes, is scanning electron microscopy. A scanning electron
microscope (SEM) is based on the principle that an image is formed when the
electrons it emits interact with the atoms of the specimen. SEMs can provide
higher-resolution images than reflected light microscopes. Because of this advantage,
as a result of recent advanced technology, SEMs have become the workhorse of many
surface and microstructural characterisation tools in various material applications,
including membrane separation [1, 2]. Its disadvantage (which proved important in
this study) is that the sample examined by this method require to have electrically
conducting surfaces. This involves deposit by either carbon or gold on the surface as a
pre-treatment.

Atomic force microscopy is an emerging surface characterisation tool in a wide variety
of materials science fields. The method is relatively easy to use and allows the surface
study of non-conducting materials down to the nanometer scale, as a result no sample
preparation is required for oxide materials. Although it is a relatively novel technique,
its application to synthetic membranes is growing rapidly [3-6]. The basic principle

involved is to utilise a integrated tip in the end of a spring cantilever with constant
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spring weaker than the equivalent atomic forces between sample and tip. This way the
sharp tip of the cantilever, which is microfabricated from silicon, silicon oxide or
silicon nitride using photolithography, mechanically scans over a sample surface to
image its topography. Typical lateral dimension of the cantilever are on the order of

100 wm and the thickness on the order of 1 um. Cantilever deflections on the order of

0.01 nm can be measured in modern atomic force microscopes.
So, in this chapter the anodic alumina membranes, prepared in Chapter 2, will be
examined by scanning electron microscopy (SEM) and atomic force microscopy

(AFM) and the results of pore diameter obtained from direct observation in these two

methods will be compared.
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3.2 Experimental

3.2.1 Measurement of Film Thickness

The measurement of the film thickness was carried out using a Comparator Stand
Mitutoyo model IDC-112B-5. Thickness was determined to an accuracy of
+0.001mm. At Jeast ten readings were taken from each film to be tested, and from

them the average was determined.

3.2.2 Scanning Electron Microscopy

The pore structure of the membrane was observed with scanning electron microscope
(SEM) Leica Cambridge, model Stereoscan 360, with energy dispersive (x-ray)
spectroscopy (EDS), and ultrahigh resolution scanning electron microscope Hitachi,
model S-900. The anodic alumina films were first coated with thin layer of carbon or
gold by sputtering. It also made analysis of the aluminium substrate after the film

removed.

3.2.3 Atomic Force Microscopy

The surface pore structure of anodic alumina was investigate by atomic force
microscopy (AFM) model ARIS-3300 Personal AFM, from Burleigh Instruments Inc.
This equipment is connected to a computer (IBM 486DX). To acquire images it was
used a "True Image SPM™" software written as a Windows™ -based product. Silicon
cantilever with a high aspect ratio tip of typical radius of curvature 10 nm were used.

The tip was held about 5 to 10 nm above the sample surface during the scan.
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3.3 Results and discussion

3.3.1 Measurements of Film Thickness

The thickness of the anodic alumina membranes were presented on Tables 3.1 and
3.2. For homogeneous membranes the values range from 23 pm (sample 72/1) to 37
pum (sample 60/3). These membranes were thick enough to provide mechanical
strength and support a gas pressure up to 1.5x10° Pa (used in experimental tests, in
Chapter 5) without damage the membrane. Asymmetric membranes was prepared for
small pore diameter and the basic idea is to minimise the overall resistance of the
permeation (of gas or liquid) through the membrane structure. As the permeation is
inversely proportional to the layer thickness (see Equation 5.2, Chapter 5) it was
desirable to have an active layer as thin as possible. So, a support layer with 23 um in
thickness was used for asymmetric membranes. The thickness of the active layer of the
sample 72/1/10/16 was obtained by the difference between the total thickness of the
membrane and the thickness of the sample 72/1 (as prepared in the same conditions).
This thickness was equal to 9 um and it was in good agreement with the value
obtained by SEM on Plate XIII. Also for the samples 72/1/5/20 and 72/1/5/40 the
values of thickness of the active layer were obtained from the difference between the
sample 72/1 and the total thickness of the membranes. In these cases a good
agreement was achieved between the two samples, since the time of preparation of the
sample 72/1/5/40 was two times the sample 72/1/5/20 and a double of thickness of the

active layer was expected for the sample 72/1/5/40 in relation to the sample 72/1/5/20.
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3.3.2 Microstructural Features of Anodic Alumina by Using SEM and AFM

The microstructural features of anodic alumina films prepared in this study, as
observed from scanning electron microscopy and atomic force microscopy are
discussed independently, for each sample separately. The sample 72/1 is discussed in
more details since the other samples follow almost the same features in a different

scale.

Sample 72/1

Plates I, II, ITI and IV show scanning electron micrographs of the anodic alumina film
for the sample 72/1. The top surface (Plate I) shows caps formed during the
anodisation using acid to remove aluminium substrate. As can be seen in this plate
there are no open pores in this film and all caps have a semi-spherical shape evenly
distributed on the surface. This sample was prepared by dissolving the remaining
aluminium by acid. The caps remain and all pores are closed, no gas permeation was
observed in this case. Plate I shows the cross-sectional view for the anodic film after
remove the caps by electrochemistry. The micrograph shows high regularity in the
structure with straight and parallel pores and all caps removed. It interest to note on
the top of the pores some marks or small channels along the exposed pore wall on the
top, showing some evidence of local dissolution by this method. Micrographs of the
aluminium substrate after electrochemical separation of the anodic film (Plate II)
show small particles distributed on the surface. Chemical analysis by energy dispersive
spectroscopy (EDS) in the Fig. 3.1 show these have the same composition as the

anodic film (the main chemical elements are oxygen (at 0.5keV) and aluminium (at
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1.5keV)). This shows in the electrochemical method part of the caps stay on the
aluminium surface. Plate IV shows the top surface with all pores open. The pore
density is equal to 4.0x10" pores/cm’. The pore diameter is not so clear since a
shadow effect appear on the top of the pore due to gold (or carbon) deposited
unevenly in the open pore. However, with this picture it was possible to estimate the
distance between the center of the pores, 180+14nm. This distance can be used to
estimate pore diameters and will be discussed in Chapter 4.

Plates V and VI show AFM micrographs of the sample 72/1 with and without caps on
surface, respectively. All images are given in top view representation using the same
area, that is, 1x1 pum’. The colour bar at the left side of each image shows the vertical
profile of the samples, with the light regions being the highest points, and the dark
regions the depressions. Plate V shows the high by regular distribution of the caps on
the surface with well defined hexagonal array. The cell size measured in this image is
190+27nm , the same range was observed by SEM (Plate IV), and the pore density
found is 3x10"pores/m’. On the other hand the Plate VI show open pores (caps
removed, Fig. 2.3(c)), for the same sample, distributed non-uniformly over the surface
and the individual pores are not as regular as the caps shown in the Plate V, although
pore density obtained in both Plates were in good agreement. The surface roughness is
probably responsible for the greater difficulty in imaging the sample without caps and
also the pores are funnel-shaped, as discussed in SEM analysis above. So, the diameter
may not be determined directly by surface AFM due to convolution between the tip

shape and the pore.
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Sample 60/3

Plate VII presents scanning electron micrograph for the sample prepared at 60 Volts
(sample 60/3). It can be observed from these images that almost the pores are well
distributed on the surface and all pores are open and directly comparable to Plate IV
apart from scale. To predict some value for pore diameter from this image is relatively
hard due to the effect caused by the shadow effect (due to the metal film deposit) just
on the top of the pore as discussed for the sample 72/1. This effect can lead to an
error on pore size estimations. The distance between center of pores is better defined
approximately 150+15 nm.

Plates VIII and IX show AFM images for the sample 60/3 with and without caps,
respectively. Plate VIII shows caps with size in the range of 147+24 nm, slightly
smaller than from SEM measurement. Also the pore density determined in this plate is
6.2x10"pores/m’, slightly different from the value found in SEM analysis. In addition
it is clear that the sharpness of the images is poorer and the surface much rougher than
larger pore samples 72/1, Plate V. A depression in the middle of the plate indicate
some defect on the original surface aluminium before start the anodisation. Plate IX
shows the top surface for the same sample without caps. Again the resolution is poor
and pores are not well defined and it is not possible to estimate pore diameters.
However the estimate value for pore density in this plate is ~6x10' pores/m?, the same
as found in the Plate VII. Also similar roughness is found in this picture and confirm

some defects in the original aluminium surface. This can be caused by the interaction
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between tip and film structure, once AFM images have to be interpreted as a

convolution between tip shape and caps shape.

Sample 40/5

Plate X shows the scanning electron micrograph of the top surface of the sample 40/5
prepared at 40 Volts. Also it can be observed from these images that almost the pores
are well distributed on the surface and all pores are open. From this picture the
distance between center of pores is 120+9 nm.

Plate XI shows the AFM image of the top surface with open pores for sample 40/5.
Once again roughness is found in this micrograph and to estimate some pore diameter
is difficult. However pore density estimated from this micrograph is ~8x10" pores/m?,

compared with a better defined value of 7.1x10" pores/m’ from SEM.

Sample 72/1/10/16

Plates XII, XIII and XIV show scanning electron micrographs of the anodic alumina
film for the sample 72/1/10/16. The top surface, corresponding to the small pore
active layer, (Plate XII) also showed that all pores were open. It interesting to note in
this micrograph that despite of the image apparently showing pores (dark area
dimensions) with ~30 nm of diameter, the value predicted by other method of
estimation (anodisation voltage Chapter 4 and gas permeation, Chapter 5) is close to
11nm. This is explained by the same shadow effect discussed before. There is some
evidence, see discussion of sample 72/1/5/20 below, of small pore in the middle of this
dark area. The pore density can be estimated from this image if each hole corresponds
to a small pore. This value was equal to 7x10"pores/m>. The cross-section views

38



CHAPTER 3

(Plates X1II and XIV) show the area in the interface layer when the pore (~65nm) was
branched into small pores when the anodisation voltage was reduced. The Plate XIV is
a magnification of the Plate XIII and shows details of the interface layer. Thickness of
support formed at 72 V for 1 hour estimated in the Plate XIII was 23um, this value is
in good agreement with measurement made by using a micrometer (for sample 72/1)

in Table 3.1, and the thickness for active layer formed at 10 V for 16h was Sum.

Sample 72/1/5/20

Plate XV shows the scanning electron micrograph of the top surface for sample
72/1/5/20. From this micrograph it observed that all caps were removed and the
opening on the surface show size approximately 15nm in diameter. However a
magnification of this view (Plate XVI) indicates a small pore in the middle of this
opening. Distance between center of pores, measured from this picture, was 24.9 nm
approximately. This value is used to estimate pore diameter (see Section 4.3.3)..

Pore density, from Plate XV, was 1.5x10" pores/m”.

3.4 Conclusions

The SEM images show well defined pore structures for large pore samples >30 nm.
The technique is however limited to such large pores due to the effect of gold or

carbon deposits (sample preparation) in masking small features. Although AFM does
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not require such deposits its results are much poorer and depth of focus limited. The
AFM images were in good agreement with SEM, that is, both techniques showed the
same features. However for samples 72/1/10/16 and 72/1/5/20 it was not possible to
scanning by AFM due to a small contrast on the surface in these two sample and also
due to the limitation of the available tip with 10nm diameter of curvature. For
membranes with pores <20nm it is clear that pores sizes can not be estimated with any
degree of confidence for direct microscopic observation.

One of the major objectives in characterising membranes is to estimate pore sizes. For
pore sizes < 20nm it is clear that nether SEM or AFM are suitable for quantitative

estimations. Other methods were required. These are discussed in detail in Chapter 4

and Chapter 5.
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Table 3.1 - Thickness of homogeneous anodic alumina membranes

Sample 3
Reference (li:;)
72/1 23
60/3 37
40/5 25

3, - Total thickness of the membrane

Table 3.2 -Thickness of asymmetric anodic alumina membranes, support and active

layers.

Sample o, a b
Reference (1m) (um) (um)
72/1/10/16 32 23 9

72/1/5/20 29 23 6
72/1/5/40 35 23 12

5,, - Total thickness of the membrane

a - Thickness of the support layer
b - Thickness of the active layer
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Fig. 3.1 Energy dispersive spectra of anodic film, aluminium
substrate and particle of alumina film on the surface

of aluminium substrate.
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Fig. 3.2 Radial function of distribution of geometrical centers of
pores for sample 72/1/10/16.
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Fig. 3.3 Radial function of distribution of geometrical centers of
pores for sample 72/1/5/20.
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Plate I. Scanning electron micrograph of anodic alumina film for sample 72/1, showing
caps on top surface after dissolving aluminium substrate by acid. (Magnification:
50,000x)
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Plate II. Scanning electron micrograph of anodic alumina film for sample 72/1,
showing cross-section view with open pores on top surface after removing caps
and aluminium substrate by electrochemical treatment. (Magnification: 50,000x)
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Plate IIl. Scanning electron micrograph of aluminium substrate showing some part of caps
from alumina film after removing by electrochemical technique. (Magnification:
30,000x)
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Plate IV. Scanning electron micrograph of anodic alumina film for sample 72/1, showing
top surface view with open pores after remove caps and aluminium substrate by
the electrochemical method. (Magnification: 50,000x)
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Plate V. Atomic force micrograph of anodic alumina film for sample 72/1, showing caps
on top surface view after dissolving aluminium substrate by acid.
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Plate VI. Atomic force micrograph of anodic alumina film for sample 72/1, showing pores

on top surface view after removing caps and aluminium substrate by the
electrochemical method.
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Plate VII. Scanning electron micrograph of anodic alumina film for sample 60/3, showing
top surface view with open pores on top surface after removing caps and
aluminium substrate by electrochemical treatment. (Magnification: 60,000x)
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Plate VIII. Atomic force micrograph of anodic alumina film for sample 60/3, showing caps
on top surface view after dissolving the aluminium substrate by acid.
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Plate IX. Atomic force micrograph of anodic alumina film for sample 60/3, showing pores
on top surface view after removing caps and the aluminium substrate by the
electrochemical method.
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Plate X. Scanning electron micrograph of anodic alumina film for sample 40/5, showing
top surface view with open pores on top surface after removing caps and
aluminium substrate by electrochemical treatment. (Magnification: 31,500x)
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Plate XI. Atomic force micrograph of anodic alumina film for sample 40/5, showing pores
on top surface view after removing caps and the aluminium substrate by the
electrochemical method.
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Plate XII. Scanning electron micrograph of anodic alumina film for sample 72/1/10/16,
showing top surface view with open pores on top surface after removing caps and
aluminium substrate by electrochemical treatment. (Magnification: 112,500x)
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Plate XIII. Scanning electron micrograph of anodic alumina film for sample 72/1/10/16,
showing cross-section view with two layer (23 um created at 72V for 1 h and 9
pm at 10 V for 16 hs). (Magnification: 1,450x)
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Plate XIV. Scanning electron micrograph of anodic alumina film for sample 72/1/10/16,

showing cross-section view with detail of interface layer when big pores are
branched into small pores during reduction of anodisation voltage. (Magnification:

12,250x)
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Plate XV. Scanning electron micrograph of anodic alumina film for sample 72/1/5/20,
showing top surface view with open pores on top surface after removing caps and
aluminium substrate by electrochemical treatment. (Magnification: 112,500x)
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Plate XVIL. Scanning electron micrograph of anodic alumina film for sample 72/1/5/20,
showing magnfication of top surface view (Plate X) with small pores in the midle
of the big holes on top surface after removing caps and aluminium substrate by
electrochemical treatment. (Magnification: 300,000x)
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4.1 Introduction

The images presented in Chapter 3 describes the structural features of anodic alumina
membranes. When aluminium is anodised in certain acid electrolytes, a porous oxide
develops which exhibits a remarkably uniform array of cells, each containing a
cylindrical pore. Microscopy studies, in Chapter 3, showed an asymmetric membrane
with small pore was prepared. To measure the pore diameter with SEM and AFM was
not possible. However the structural features obtained for large pore size anodic
alumina membranes can be generalised and used be extrapolate the pore diameter of
the asymmetric small pore size anodic alumina membranes.

Essentially every pore in these asymmetric membranes had divided into smaller pores
and the membrane has an asymmetric structure: large pores extending through the
bulk of its thickness interconnected with an array of smaller pores.

In this chapter a geometric model was used to describe how the pore size and pore
density are related to the formation voltage, during growth at constant voltage of
anodisation. The predict value for morphological parameters from geometrical model

were compared with SEM and AFM data obtained in Chapter 3.
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4.2 Hexagonal Cell Model

From the analysis of the scanning electron micrographs and atomic force images of the
samples prepared in this study and discussed in Chapter 3 the microstructure features
of anodic alumina films can be idealised (Plates I, II, V). It consists of hexagonal
columnar cells, with a centrally situated pore that runs down the column of each cell,
Fig. 4.1(a, b). This geometry was clearly (as showing in Plate V, Chapter 3) obtained
by using ultra-pure aluminium pre-treated to decrease the concentration of defects on
the aluminium surface. The regularity of this structure allows the pore diameter and
percent porosity to be controlled and estimated within each film (this technique is one
of several used in this study to assess the smallest pore diameter under condition that
scanning electron microscopy and atomic force microscopy technique fail). The
fabrication of inorganic membranes, through anodisation of aluminium, requires
control of voltage, electrolyte temperature and composition, and anodisation time. It
was observed in this study and is a well known fact [ 1-20] that the hexagonal cell
diameter, D, and the pore diameter, d, decrease with the anodisation voltage. Also
there is ample evidence [8, 10, 11, 13, 17, 20] that the ratio of the hexagonal cell
diameter, D, and the pore diameter, d, defined in Fig. 4.1(b), is constant and
independent of electrolysis voltage for the same electrolyte and the same condition of
temperature, solution concentration, aluminium purity.

In order to investigate the validity of the D/d assumption, the size of the cell, D, and
the diameter of the pores, d, were estimated from the SEM and AFM images. The

measurements was done for homogeneous membrane samples, 72/1, 60/3 and 40/S,
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and a compilation of the values are given in Table 4.1. The ratio between the cell
diameter (D) and anodisation voltage is almost constant and approximately equal to
2.8 nm/V. Also the relation between D/d is practically constant (3.0+0.2). This result
is in a excellent agreement with the results obtained from the literature [8, 10, 11, 13,
17, 20].

In the next section (4.3) these observations are used to estimate pore diameter of small

pore size anodic alumina samples prepared in this study.

4.3 Estimations of Pore Diameter From D/d Ratios

At least two different ways was used to estimate the pore diameter by D/d relation.
First, the values of D and d were estimate from direct microscopic observation of the
membranes prepared with anodisation voltage >30 V (samples 72/1, 60/3, and 40/5)
and the value of the relation D/d was used to extrapolate the pore diameter for the
smaller pore sizes of the asymmetric membranes. Second, the D values of samples
72/1/10/16 and 72/1/5/20 were estimate from measurement of the distance between
pore centres in micrographs' using a statistical analysis and after the pore diameter

was estimated by using the relation D/d.

The images presented in Chapter 3 describes the structural features of anodic alumina membranes.
These structural features can be generalised and used be extrapolate the pore diameter of these
asymmetric anodic alumina membranes.
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4.3.1 Extrapolation of Pore Diameter for Samples 72/1/10/16 and 72/1/5/20 Based

on D/d From Direct Microscopy Observation

Based on cell diameter values per anodisation voltage (D=2.8 nm/V) and D/d relation
(D/d=3.0) obtained by direct microscopy observation, on Chapter 3, the pore
diameters for membranes prepared at 10 V (sample 72/1/10/16) and 5 V (sample

72/1/5/20) can be extrapolated from the equation:

_D_28xU
=3 =7 4.1
where U (Volts) is the formation anodisation voltage. So in this case the pore diameter
of the active layer for the samples 72/1/10/16 and 72/1/5/20 extrapolated from the

equation (4.1) are 9.3 and 4.6 nm, respectively.

4.3.2 Estimation of Pore Diameter for Samples 72/1/10/16 and 72/1/5/20 Based on
Measurement of Mean Distance Between Adjacent Pores (D) and Statistical
Analysis

Average distance between adjacent pores for samples 72/1/10/16 and 72/1/5/20 was
calculated by using a software called Digitize-Pro™ version 2.2. In this program a
scanned SEM image was used to obtain the co-ordinates X, Y of the centre of each
pore and saved to a file. The mean distance of first neighbours was calculated by
using a radial function distribution as a function of the distance from each centre of

pore [17]. For the sample 72/1/10/16 a total of 434 points, Fig. 4.2, was used and the
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calculated first neighbours distance was 34nm. For the sample 72/1/5/20 a total of
751 points, Fig. 4.3, was used and the corresponding distance was 25nm. So, if the
distance between adjacent pores is equal to D and the relation D/d=3.0, the samples
72/1/10/16 and 72/1/5/20 give values of 11.3 and 8.3nm, respectively. These pore
diameters values are bigger than the values predict by D/d relation using direct
microscopy observation.

Although individual estimates of pore diameter of the samples 72/1/10/16 and
72/1/5/20 were predict from the relation D/d, based on the observation that this ratio
is constant, an additional independent method to confirm these results was necessary

and this will be discussed in Chapter 5.

4.4 Porosity of Anodic Alumina Membranes
The porosity, €, of a membrane is the fractional pore volume and for a uniform layer
with uniform parallel pore normal to its surface, this is identical to the fractional area

of pores per unit surface, that is;

e= total pore volume _  total area of pores X thickness
~ Volume of membrane ~ total area of membrane x thickness 4.2)

Based on the idealised hexagonal cell model for anodic alumina membranes, the

porosity can be calculated by the area of the pore divided by the area of hexagonal

cell, see Fig. 4.1 (b);
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6= area of pore
" area of hexagonal cell (4.3)

Also in Fig. 4.1(b), the area of the hexagonal cell is QD’ , and the area of the pore is

nd¥/4. Consequently, the porosity becomes;
2
) (4.4)

When D/d is constant it is clear from equation (4.4) that porosity, €, is constant and
independent of pore diameter (for these membrane when D/d=3.0, the porosity £=0.1).
This means that even for asymmetric anodic alumina membrane, when the voltage is
reduced at the end of anodisation, the fractional pore area remain constant. Based on
this consideration theoretical calculations for pore diameter, porosity and pore density
were made. A compilation of these values and observed ones are given in Table 4.2.
The observed values are in good agreement with the theoretical one. For asymmetric
membranes (72/1/10/16 and 72/1/5/20) it was not possible to estimate the pore
diameter and the porosity from microscopy studies, however the value of pore density
can be estimated since each hole in the micrograph correspond to a pore,
independently of the size of the pore. So, the observed pore density, from SEM

micrograph, for these two sample are close to the calculated one.
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Table 4.1 - Values of cell diameter, D, and pore diameter, d, of homogeneous anodic

alumina membranes from direct microscopy observation.

Anodisation | Cell diameter, Cell Pore Cell diameter/

Sample Voltage D diam./Voltage| diameter, [Pore diameter
V) (nm)(*) (nm/V) d D/d

(nm)(**)
72/1 72 180+14 2.5 64+14 2.8
60/3 60 160+14 2.7 50+6 3.2
40/5 40 120+9 3.0 4048 3.0
Average - - 2.8 - 3.0
value

(*)Value estimated from SEM and AFM images.
(**)Value estimated from SEM images.
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Table 4.2 - Comparison of calculated and observed values for pore diameter, pore

density and porosity of anodic alumina membranes

Calculated Observed
Sample Pore |Pore density| Porosity Pore |Pore density] Porosity
diameter | (pores/m?) diameter | (pores/m?)
(nm)(*) (nm)(**)
72/1 67.0 2.8x10" 0.10 64+14 4.0x10"” |0.13+0.06
60/3 55.8 4.1x10" 0.10 50+6 5.6x10" |0.11+0.02
40/5 37.2 9.2x10" 0.10 40+8 7.1x10" 10.09+0.03
72/1/10/16 93 1.5x10% 0.10 - 7x10" -
(***) 11.3(4) 9.7x10"
72/1/5/20 5.6 6.0x10" 0.10 - 1.5x10" -
***) | 83+ | 1.8x10®

(*) Value calculated based on D=2.8 nm/V, D/d = 3.0.
(**) Value estimated from SEM.
(***)The value of the pore diameter refer to the active layer (small pore) surface of
the asymmetric membrane.
(+) Value calculated based on the distance between pore center from statistical
analysis of SEM micrographs, Section 4.3.2.
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Fig. 4.1- Representation of anodic alumina structure with a cross-section view (a)
shows anodic film with a impermeable barrier layer and aluminium substrate

on the botton and uniform pores (b) placed in a center of a hexagon cell
organised in a hexagonal network
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5.1 Introduction

The pore size of a membrane plays the most important role in the function of porous
membranes and their applications. Despite several methods to estimate mean pore size
of porous membranes been available [1-3], these methods generally involve some
ambiguity and/or are require sample modification, for example, in a high-resolution
scanning electron microscopy used to measure pore size of anodic alumina
membranes, discussed in Chapter 3, the alumina sample must be electrically conductive
and precoated with some conductive material. This can lead to a reduction in the pore
size of the membrane. Others methods, such as coulter porometry, is limited by the
pore radii of approximately 25nm [4]; the penetration of mercury under pressure to
estimate porosity may alter the pore sizes of original membranes [1].

The measurement of the gas permeability coefficient as a function of the mean
pressure across a membrane can be used to determine a mean pore diameter of the
membrane. This method has been applied by several authors to characterise
microporous and asymmetric ultrafiltration membranes [5-8]. Some reported results
show good correlation between experimental data and theoretical simulations,
although the difficulty to control the porous structure of the membranes, in terms of
pore shape, layer thickness and even to obtain a membrane free of defects and
reproducible.

The anodic alumina membrane has special features (see Chapter 4) which make it an

ideal system to be studied by gas permeations. The membrane has a uniform planar
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structure with regular pores in an hexagonal array. All pores are parallel to each other,
without intersection. Also membrane can be prepared with high reproducibility.

Chapter 2 described the preparation of anodic alumina membranes with small pore size
and in Chapters 3 and 4 the characterisation of these membranes by SEM, AFM and
geometrical considerations methods. Even with the use of powerful techniques such as
high resolution scanning microscopy and atomic force microscopy, the characterisation
of small pore size anodic alumina membrane has been achieved only partially, mainly
because of the conductive coating, in the case of SEM, and the shape of the pore on
the active layer that causes a shadow and covers the pores. The objective of this
chapter is to characterise these membranes by gas a permeation method. For this
study flat anodic alumina membranes with different pore sizes will be tested. The
mechanism of gas permeation will be investigated and applied to determine the pore
diameter of the samples studied. Finally, the results obtained will be compared with

direct observation by SEM and the predictions with anodisation voltage discussed in

Chapter 4.
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5.1.1 Background

There is a large literature on transport of gases and vapours through porous
membranes [9-17]. In multi-layered porous membranes several transport mechanisms
can occur. However for membranes with a pore size between 1 nm and 100 nm, at
least, three mechanisms can apply separately or in combination. These are, surface,
Knudsen and Poiseuille diffusion [16]. Surface diffusion appears when the molecules
of the gas interact with or are adsorbed physically/chemically on the material of the
pore wall of the membrane. Knudsen diffusion occurs when the size of the pore is
smaller than the mean free path of the gas molecules [18]. In this case the gas
molecules collide much more frequently with the pore wall than with one another and
low molecular weight gases therefore are able to diffuse more rapidly than heavier
ones. For Poiseuille diffusion gas molecules collide exclusively with each other, in fact,
they seem to ignore the existence of the membrane or pore wall. These mechanisms
are illustrated in Fig. 5.1. The gas flux density through a membrane per unit area per

unit time is defined by

J=PAp (5.1)

Where J is the gas flux density (mole.s’.m?), P is the permeability (mole.s'.m?Pa™)
and p is the pressure (Pa). If all the transport mechanism described previously are

applied for a single gas, the transport equation becomes:

Euprzp + Zeu-kvr 28‘1;]): dx.
8NRTS = 3RTS = rANS dp

P=P,+P,+P, = (5.2)
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Where P is the total permeability (in mole.s'm?Pa’ ), P, P, and P, are the
permeabilities by Poiseuille diffusion, Knudsen diffusion and surface diffusion,
respectively. In equation (5.2), € is the porosity, which is nntr* , where n is the number
of pores per m’, r is the mean pore radius of the membrane (m), 1 is the viscosity of
the gas (Pa.s), i, M, and p, are shape factors, which are all equal to unity for uniform
straight pores normal to the planar surface of the membrane,  is the thickness of the

membrane (m), R is the gas constant (8.314 J.mol" K™), T is the absolute temperature
(K), A is the surface area occupied by one molecule (m?), D, the surface diffusion

coefficient (m’.s'), N Avogrado's number, x_ the surface coverage as compared with a
X p

monolayer, p is the pressure (Pa) and v is the average velocity (m.s™) which is:

ve (&&1)5 (5.3)

Where M is the molecular mass of the gas (kg.mol™).

For pore sizes smaller than 100 nm and at low pressures, Poiseuille diffusion and
surface diffusion can be negligible [17] and the transport is determined solely by

Knudsen flow and so from equation (5.1),

Zepavr (5.4)

P=P. =3rTs

Substituting the average velocity of gases and porosity in to equation (5.4), we obtain
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1

_ 8’ 2m )7
B=Fi=—35 (RTM (5.4a)

Lo s . . -
Since the value of %(%)2 is constant (c) , it is possible to write equation (5.4a) as,

3
P= (5.5)

8JM

Especially for membranes with small pores a multilayer structure is preferred to
provide maximum strength and minimum thickness of the active layer. For a multilayer
membrane, with m layers of uniform thickness, if each layer obeys Knudsen law

independently the total permeability P of the multilayer membrane is also related to

those of the individual layers as equation (5.5) and show a JM relationship.

1 1 1 1 1 1 1 M (8 & 5m

e==+4++...+t5= +—+...+ =—r(—+-+...+—

P Py Py Pm cr? ag cr3! ':l’ r; 7,3-) (56)
5 M 5,M om JM

where P is the permeability of the multilayer membrane, P, is the permeability of each
layer, c is constant and dependent of the shape of the pores, M is the molecular mass
of the gas, §_, is the thickness of each layer of the membrane and r,, is the mean pore
radius of each layer of the membrane.

In the experimental measurements the test membrane is placed in an experimental cell.
Due to a pressure difference, Ap=p'-p">0, across the membrane gas permeates from

the high to the low pressure side. Under experimental conditions the high pressure p' is
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kept constant and as the experiment proceeds the low pressure p" increases. The low
pressure side has constant volume V" and the rate of permeation of gas dn/dt can be

evaluated from the rate of pressure increased dp"/dt. Since
p”’V’=nRT (5.7
the rate of permeation of gas becomes equal to,

dn _ V2 dp”
dt ~ RT at (5.8)

Defined as a gradient per unit area of membrane, A

_1ldn_ V> dp”
=Adt "ART dr (.9

% =0 as p' constant,

: Ll
Since 5- =7 - and

dAp _ ap”
@t dt (5.10)

kil

Substituting for %— in the equation (5.9) becomes

v»_dAp
N (5.11)

In the steady state dAp/dt is constant and equation (5.11) can be approximated by:
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v’ ddp v Ap
ART df  ART At (5.12)

J=

By using Equation (5.12) the flux density can be estimated experimentally from
recorded values of the pressure in the high and low pressure sides and time, when the
gas permeates through the membrane. Additionally from the slope of the graph of flux

density versus transmembrane pressure, the permeability can be calculated.

Alternatively, if the permeability is defined by equation (5.1) where Ap=p'-p", then

v> (dAp 1 )
P= ART( dr Ap (5.13)

Azjl‘ is constant and is related with the characteristic of the cell

system. We can call B = ART then substituting in the equation (5.13) becomes

Since the value of

(%2 ) -pur (5.14)

Integrating equation (5.14) between the limits t=0 — Ap°and t=t — Ap', where Ap is

the transmembrane pressure difference, becomes

InAp* =—-§t+ InAp® (5.15)

If InAp is plotted versus #/ , the permeability P can be directly calculated by the
inclination of the this graph.
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5.2 Experimental

5.2.1 Gases

Nitrogen and carbon dioxide were purchase from BOC Limited, UK. Neon, propane,
argon, nitrogen, hydrogen, helium were supplied by Messer Griesheim, Germany. All

gases were at least 99.99 % of purity. The physical properties of these gases are

summarised in Table 5.1.

5.2.2 Gas Permeation System

An automated gas system was constructed in the course of this research. This system
enabled the determination gas permeability through a flat membrane. It was designed
to apply a gas pressure in one side of the membrane cell (high pressure side) and
collect the gas passing through the membrane in a well known collecting volume (V")
in the other (low pressure side) side.

The gas permeation studies were carried out using the apparatus shown in Fig. 5.2.
The equipment consisted of a pressurised gas cylinder, pressure regulator, membrane

cell (detail of the membrane cell is shown in Fig. 5.3), pressure transducers and

- computer link for data logging. Membrane samples 10 mm in diameter and different

thickness were supported in the cell and sealed by a rubber O-ring with 2 mm inner
diameter (the exposed membrane area A (m’) was n.d%/4 ). The gas was fed into the

high pressure side of the cell after it had been completely filled with the pure used gas.

The permeability of pure gases was measured by monitoring pressure in both the high
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and low pressure sides of the permeation cell as function of time. The low pressure
side is constituted by a constant volume cylinder and the pressure tends to increase in
this side when the gas permeate through the membrane. For each gas three test runs
were made. The experiments were performed in a thermostated room at 293 K. The

gas flow (J) in the steady state was obtained from equation (5.12) and calculated using

equation:
Adt T At

where V" (m’) is the volume in the low pressure side of the cell, A (m? is the
permeation area, R is the gas constant (J.mol' K™), T is the temperature (K), Ap is the
difference between the pressure in the high pressure side and low pressure side (Pa),
At is the time difference (s) and n is the amount of moles of the gas permeated through
the membrane. The permeability was calculated by two different ways: 1) by the gas
flux per pressure drop through the membrane; and 2) by logarithm scale of the

pressure difference versus time. In both case the permeability will be expressed in

mol.s’.m2Pa’.
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5.3 Results and discussion

5.3.1 Gas permeability

Figures 5.4 to 5.9 show the transmembrane pressure dependence of the flux of
various gases at a constant temperature (293K) for samples 72/1, 60/3, 40/5,
72/1/10/16, 72/1/5/20 and 72/1/5/40, respectively. The observed fluxes for these
membranes were perfectly linear with the upstream transmembrane pressure, indicating
that the permeabilities were constant at the experimental temperature. These results
are better presented in the Figs. 5.10 to 5.15, where the pressure difference between
the high pressure side and low pressure side, in log scale, is plotted against the time
divided by the cell constant (XRY,—jI,). It is interesting to note in second case the
excellent linearity even for small pressure difference since in the first set of graphs
(Figs. 5.4 to 5.9) there are superposition of the points for small pressure difference and
the behaviour is not clear in this situation. In both situations, the permeability can be
calculated directly by the slope of the curves. Table 5.2 shows a compilation of the
permeabilities of the gases studied. The sample 60/3 shows a permeability slightly
smaller than the sample 40/5. This occurs due to the difference in thickness between
these samples, all at once a reduction in the pore diameter is expected with small
voltage of anodisation. To better compare these results, the permeabilities of theses
membranes are multiplied by the thickness of each membrane and the results for
homogeneous membrane are compiled in Table 5.3. The results for the sample 72/1

are approximately 1.3 and 1.6 times bigger than the values obtained for the samples
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60/3 and 40/5, respectively. This shows that pore size reduction occurs during the
preparation of the samples when the voltage is reduced.
For asymmetric membranes, samples 72/1/10/16, 72/1/15/20 and 72/1/5/40, the
permeabilities of the active layer are calculated from the multilayer permeability
relationship, equation (5.6),

1 __1 1

= +
Pn/mu/us P72/l Plons (5- 13)

1 _ 1 + 1
Proyse Pmi P (.14)
1 1 1
= + (5.15)

P72/l/5/40 P72/l PSMO

where P, Poiime Prausmo and P, .., are experimental permeabilities for the
samples 72/1, 72/10/16, 72/1/5/20 and 72/1/5/40, respectively, and Py, P, and P,
are the permeabilities for the active layer of the samples 72/1/10/16, 72/1/5/20 and
72/1/5/40, respectively. A compilation of these calculations are shown in Table 5.4. It
can be observed that the permeability of the active layer of the sample 72/1/10/16 has
increased by more than 30% in relation to the total permeability of the sample
72/1/10/16. In other words, the active layer of the sample 72/1/10/16 is responsible for
approximately 70% of the resistance of the permeation of the gas. For samples

72/1/5/20 and 72/1/5/40 the contribution of the active layers to the resistance to the

permeation of the gas are approximately 88 and 96%, respectively. It can also be
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observed that the values of the permeabilities for active layer of the sample 72/1/10/16
are approximately 3.5 and 10.9 times larger than the samples 72/1/5/20 and 72/1/5/40,
respectively. However, to better compare these results the permeabilities of the active
layer of these samples were also multiplied by the thickness of the active layer for each
sample and the results are on shown in Table 5.5. It was observed from these results
that the values obtained for sample 71/1/10/16 are approximately 5.2 and 8.2 times
larger than the values obtained for samples 72/1/5/20 and 72/1/5/40, respectively.
These magnitudes are reasonable since it expected double of pore size for the sample
72/1/10/16 in relation to the samples 72/1/5/20 and 72/1/5/40, according to the
formation voltage discussed in the Chapter 4. Also the permeability of the active layer
multiplied by the thickness for sample 72/1/5/20 is 1.6 times, approximately, the value
for the sample 72/1/5/40 and this value is bigger than it was expected, since the pore
size of these sample could be similar according to the formation voltage, as discussed
in Chapter 4. Furthermore from the Figures 5.4 to 5.15 and on the tables 5.2 and 5.4 it
can be observed that in all samples the permeability show a tendency to increase when
the molecular weight of the gases tend to decrease. This suggest that the mechanism
of permeation can be due to Knudsen diffusion in a open pore, as indicate by the
Equations 5.4 and 5.6, where the permeability show a inverse square root of molecular
mass of the gas correspondence.

To clarify the contribution of Knudsen flow in each sample the inverse of the square
root of the molecular weight of the gases dependence of the permeability was plotted

in the Figures 5.16 to 5.21. Also the permeabilities of the gases for the active layer of
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the samples 72/1/10/16, 72/1/5/20 and 72/1/5/40 are plotted against the inverse square
root of molecular mass of the gases, according to equations 5.6, in Figs. 5.22 to 5.24.
All gases show a good linearity for different samples. The gas least likely to be more
stable is helium and on this base an ideal Knudsen line was plotted in these graphs.
These results strongly demonstrate that the permeation of gases through these
membranes follow Knudsen diffusion under the conditions of this study. This suggests
that the pore diameter of the samples are obviously less than the mean free path of the
gases (Table 5.1) in the pressure range from 1 to 2 atm and 293K. At these low
pressures, the contribution of Poiseuille flow to the overall permeation is generally
very small for the gases examined. All these results indicate that gas permeation is just
due only to Knudsen diffusion when the pore diameter decreases to values from less

than 70 nm.

5.3.2 Pore size characterisation

It was demonstrated in the previous Section (5.3.1) that Knudsen flow is the main
mechanism of gas permeation for the samples studied and that Pouseuille contribution
to overall the gas flow rate is negligible. So, in this case the pore diameter for the
samples can be evaluated by applying Equation (5.4) and using the following values:
velocity of gas (v) on Table 5.1, shape factor p=1, and thickness (8) of the samples on
tables 3.1 and 3.2 (Chapter 3), permeability (P) on Table 5.2 for the samples 72/1,
60/3 and 40/5 and on Table 5.3 for samples 72/1/10/16, 72/1/5/20 and 72/1/5/40. The

calculation has been done in two different ways: 1) using the density of pores (n)
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determined from SEM images, on Table 4.3, and the modified Knudsen Equation
(5.4a); and 2) using constant porosity (€=0.1, this value was estimated using Equation
(4.1), in Chapter 4) and equation 5.4. Tables 5.6 and 5.7 show a compilation of the
pore diameter and statistical calculations of the population for each sample. It can be
immediately seen that the pore diameter is reduced with decreasing voltage of
anodisation, from samples 72/1 to 72/1/5/40. The average values of the pore diameter
estimated using constant porosity for samples 72/1, 60/3 are larger than the values
estimated using pore density. On the other hand, the average pore diameter estimated
by constant porosity for samples 40/5, 72/1/10/16, 72/1/5/20 and 72/1/5/40 are smaller
than the values estimated by using pore density, mainly for small pore size, where the
values are smaller by a factor of two. Furthermore, the pore diameter estimated by
using constant porosity show greater standard deviation when compared to the values
estimated by using pore density and also confirm that the most stable gas is helium,
with values of pore diameter very close to the average values. If the values of pore
diameter estimated by the Knudsen equations are compared with the values estimated
by SEM and formation voltage (D/d), on Table 5.6 and Fig. 5.21, we observed a good
agreement between SEM and the values calculated by gas permeation and also by
formation voltage. For the samples 72/1/10/16, 72/1/5/20 and 72/1/5/40, which the
pore diameter could not be estimated by SEM, the results obtained by gas permeation
are very close to the formation voltage, except for sample 72/1/5/20 and 72/1/5/40
using gas permeation and constant porosity. In this case the values of pore diameter

are half the values estimated by formation voltage and by gas permeation using pore
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density. These different results obtained by gas permeation and voltage formation
suggest different explanations. Firstly, the method used based on pore density has a
cubic relation between pore radii and permeability of the gases, see equation 5.4a, and
a small variation in permeability can cause a large variation on the pore diameter
estimation. Secondly, the method based on voltage formation is very simply and is
based on D=2.8V, although it was observed in Chapter 2 that for small voltages (<4V)
the electrode is polarised and current is zero. Another hypothesis that can be
formulated from the pore diameter calculations using gas permeation is that when the
voltage formation is reduced from 72 to 5§ V it is not only the pore size of the
membrane that is reduced but also the number of p