1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
J Memb Sci. 2008 July ; 319(1-2): 192-198. doi:10.1016/j.memsci.2008.03.044.

Effect of Processing Parameters on Pore Structure and Thickness
of Anodic Aluminum Oxide (AAO) Tubular Membranes

A. Belwalkarl, E. Grasingl, W. Van Geertruydenz, Z. Huang3, and W.Z. Misiolek?!
Lnstitute for Metal Forming, Lehigh University, 5 E. Packer Ave., Bethlehem, PA 18015

2EMV Technologies, LLC, 116 Research Dr., Bethiehem, PA 18015, P: (610) 419-4952, e-mail:
william@emvtechnol ogies.com

SWidener University, Kirkbride Hall #365A, Chester, PA 19013

Abstract

Nanoporous anodic aluminum oxide (AAQ) tubular membranes were fabricated from aluminum
alloy tubes in sulfuric and oxalic acid electrolytes using a two-step anodization process. The
membranes were investigated for characteristics such as pore size, interpore distance and thickness
by varying applied voltage and electrolyte concentration. Morphology of the membranes was
examined using light optical and scanning electron microscopy and characterized using ImageJ
software. Results showed that membranes having narrow pore size and uniform pore distribution
with parallel channel arrays were obtained. The pore sizes were ranging from 14 to 24 nm and the
wall thicknesses as high as 76 um. It was found that the pore size increased in direct proportion with
the applied voltage and inversely with the electrolyte concentration while the interpore distance
increased linearly with the applied voltage. It was also observed that increase in acid concentration
increased tubular membrane wall thickness that improved mechanical handling. By using anodic
alumina technology, robust ceramic tubes with uniformly distributed pore-structure and parallel
nano-channels of lengths and sizes practical for industrial applications were reliably produced in
quantity.

Keywords
Nanoporous anodic aluminum oxide; tubular membrane; thickness; interpore distance; nanohardness

Introduction

Nanoporous Anodic Aluminum Oxide (AAO) gained exposure recently for use as a membrane
in applications such as gas separation, drug delivery, and bone fixation [1-4]. The nanoporous
AAO sheet membrane has been investigated for a potential application in hemodialysis by
measuring the hydraulic conductivity and comparing it to those of hollow fiber polymer dialysis
membranes [5]. It is known that carefully controlled anodization of aluminum in an acidic
electrolyte produces a thin layer of dense aluminum oxide, followed by an ordered array of
smaller-sized nanopores [6]. This self-ordered pore arrangement of the nanoporous AAO
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membranes with high pore densities is essential to maximize permeation and molecular flux
across the membrane in a fluid separation application [7]. For example, in a hemodialysis
application, a pore size that is capable of clearing small (urea, creatinine) and middle
(vancomycin, inulin) molecular weight solutes while maintaining large molecular weight
molecules (albumin) is the most desirable. The pore characteristics in terms of pore diameter,
interpore spacing and membrane thickness are controlled by the processing parameters such
as formation voltage, anodization time, electrolyte concentration and temperature [8]. Unlike
currently available polymer and cellulose-based dialysis membrane, the resulting AAO tubular
membrane has uniform pore size, regular pore distribution, high porosity along with good
chemical resistance and temperature stability.

The fabrication of AAO sheet membranes and the relationship between processing parameters
and membrane morphology has been studied previously. Recently, a highly ordered
honeycomb structure was obtained in oxalic acid solution at 40 V [9,10] and in sulfuric acid
at voltages ranging from 20 to 27 V [11]. It was reported that pore diameter and inter-pore
spacing was linearly proportional to the applied voltage [12]. It was also proposed that self-
ordering requires a porosity of 10% which is independent of the specific anodization conditions
and corresponds to aluminum of about 1.2 [13]. The mechanism by which pores grow is still
in debate, but pore formation models have been developed [14-18]. The pore opening of the
bottom layer or barrier layer removal is also considered an important step towards making a
through-hole porous anodic alumina membrane. Recently, a porous anodic alumina was
detached from aluminum substrate and barrier layer was completely removed by using one—
step voltage pulse detachment method [19,20]. This procedure was reported to be
environmentally friendly and efficient as compared to chemical or electrochemical detachment
methods [21].

Highly ordered nanoporous alumina films in sulfuric acid have also been fabricated through a
single step high-field anodization. The applied potential was raised to the break-down or
burning potential of the porous anodic alumina films in sulfuric acid and then increased with
the aging of solutions after a long period of anodization. Self-ordering regime of nanoporous
AAO was found during hard anodization (HA) of aluminum sheets in oxalic acid at the applied
potentials of 100-150 V, more than thrice the voltage used in conventional oxalic acid
anodization (40 V). Extremely rapid and homogeneous film growth (50-70 pm h™1) was
observed on the aluminum sheet sample [22,23]. Lower concentrated acid hard-coating
solutions give oxide coatings that are thicker, harder, less porous, less soluble, and more wear
resistant compared to higher acid concentration anodizing solutions [24].

All the above discussed techniques of mild anodization and hard anodization were performed
using aluminum sheets. Aluminum tubes were anodized to form a nanoporous alumina capsules
with a highly uniform and large surface area, which is relatively inexpensive device for
biofiltration application [4]. Recently, cylindrical and pentagonal shaped three dimensional
alumina nanotemplates were fabricated by electrochemical anodization of high-purity
aluminum wires or tubes [33]. In this research, aluminum tubes were anodized in 2, 3, 5, 7, 10
and 20 wt % sulfuric acid and 2.7 wt % oxalic acid at 30 and 40 V respectively. The membranes
formed under these experimental conditions were analyzed by measuring their pore size and
interpore distance using ImageJ software. It has been determined that the type of acid
electrolyte affected the sheet membrane morphology [25-27]. Keeping the voltage,
temperature and concentration constant, when oxalic acid was used as the electrolyte, the AAO
membranes were found to have more uniform nanochannels, less embodied anions and better
hexagonal ordering than the membranes formed in sulfuric acid. These membranes also had
larger diameter nanopores than the ones produced in sulfuric acid [5]. AAO sheets produced
in sulfuric acid electrolyte were also found to have lower flexibility, hardness, and abrasion
resistance than oxalic acid.
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A larger tube wall thickness is an advantageous characteristic for fluid separation application
as it helps to maintain the mechanical integrity of the tube during processing, handling and
filtration. Conversely, a smaller tube wall thickness strengthens the rate of fluid separation by
lessening the resistance to waste solute transfer across the membrane. Ideally, the membrane
is as thin as possible to facilitate filtration while still retaining mechanical integrity. Such AAO
tubular membranes having superior mechanical strength would able to withstand high fluid
pressures and would be ideal for potential use in separation applications such as hemodialysis,
plasmaspheresis and cryopreservation. In this research, the mechanical strength was
investigated by measuring the membrane hardness by using nanoindentation technique.

Earlier literature describes thickness as simply a function of total charge passed to the anode
[13,14]. However, others have found that thickness varies with anode geometry. It was reported
that greater thickness was obtained when oxidation occurred on the inside of an aluminum tube
rather than the outside [25] and this fact was incorporated in the current research.

Materials and Methods

Fabrication of nanoporous AAO tubular membranes

Nanoporous alumina tubular membranes were made from alloy 3003 aluminum
(Algg gMn1 2Cuq 12) tubes using a two-step anodization method. The length, outer diameter,
and thickness of the starting tubes were 3.5cm, 6.35mm and 700um respectively. The
aluminum tubes were anodized first in 2.7 wt % oxalic acid at 30 and 40 V and the smallest
pore size obtained was 18.6+2.9 nm at 30 V (table 2). Since the desired pore size was smaller
than the achieved ones, sulfuric acid with different concentrations was used to produce
membranes with lower pore sizes [5].

Prior to anodizing, each aluminum tube was ultrasonically cleaned in acetone for 15 minutes,
followed by 5 minutes of ultrasonic cleaning in deionized water. The tube was then
electropolished in a solution made up of phosphoric acid, ethanol and deionized water. This
method is similar to anodization except that it uses much larger current of the order of 6.5 to
7 A for approximately 35 to 45 seconds. The electropolishing was followed by another
ultrasonic cleansing in acetone and deionized water. These procedures made the sample flat,
smooth with a shiny surface. The sample was then mounted on the copper rod that served as
the anode. A steel rod was mounted on the copper rod as cathode. A constant voltage was used
throughout the anodization process. The experimental setup is shown in Figure 1.

The sample was then anodized at a constant voltage (same as anodization voltage) for about
5-6 minutes at 0°C to grow a thin barrier oxide layer of the order of few nanometers on its
surface. An acrylic polymer was applied on the grown outer barrier oxide layer. This barrier
oxide played a critical role in adhering the applied polymer thereby protecting the outer
aluminum surface from anodizing. This way, the anodization was carried out only on the inside
of the sample tube [4].

The two-step anodization method was employed to make the pore structure regular and uniform
[28]. The first anodization (appropriate acid solutions and voltage are in Table 1) was
performed at 0°C for approximately 1 hour. Following the anodization, the tube was etched in
a mixture of 4 wt% chromic and 8 volume % phosphoric acid at 60 °C for about thirty minutes
in a hot water bath to remove the porous alumina formed during the process. The resulting
inner aluminum surface contained uniform concave nano-array that was crucial for achieving
ordered pore-size distribution.

Second anodization was conducted using the same voltage that was used for first anodization
except for longer anodization time [31]. The typical duration for second anodization ranges
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from 24 to 36 hours. A data acquisition board in conjunction with the LabVIEW program
monitored the current, voltage and temperature in the anodization cell. The measured current
was used to calculate the charge supplied which came out to be approximately 1800 coulombs
for a 10 cm sample.

The tube was filled with deionized water, and the ends were sealed with parafilm to protect
the outer ends and inside of the tube from getting etched. The polymer protecting the outer
surface was then removed, by acetone. The tube was then dipped in the solution made up of
one part by volume of 0.1M CuCI2 solution and four parts by volume of 10 wt % HCI that
removed the unprotected aluminum in the window.

The tubes were further etched in 4% wt chromic acid and 8% volume phosphoric acid mixture
for approximately 10 minutes at room temperature to remove the barrier layer from the outer
surface. Finally, the parafilm end-caps were removed to drain the water out and the tube was
thoroughly rinsed with water to remove any acid that might have reached inner side of the tube
via nanochannels.

Characterization

Results

Scanning electron microscopy was used to evaluate the pore diameter and interpore spacing.
Mounted AAO specimens were sputtered with iridium for 4-5 seconds prior to
characterization. Scanning Electron Microscopy, Light optical microscopy and a digitizing pad
were employed to determine the thickness of the AAO tubular membrane.

Nanoindentation was performed using an Atomic Force Microscope (Digital Instruments,
Model MMAFM-02, Nanoscope I11, version 4.43r8) and Triboscope transducer (Hysitron, 1D
SN5-060-71) with a 150 nm Berkovich tip installed. A trapezoidal load function with a
maximum load of 200 uN was entered into the Triboscope controller software (Triboscope
Load Control, version 4.1.0.0) and used to make the indent on the sample. Between 2 and 5
indents were performed for each tube’s inner diameter surface. Nanoindentation was performed
on tubular membranes manufactured from pure aluminum tubes. These tubes had a smaller
inner diameter (2.5 mm) as compared to the aluminum alloy tubes used for measurement of
pore size. However, the two-step anodization method was the same as the larger diameter tubes.

The triboscope software calculated the nanohardness by fitting the power relation to the
unloading curve of the force - deflection data. The nanohardness was then calculated from the
load and the projected contact area. Pore size, porosity and interpore distances were measured
using NIH ImageJ software. The pore density can be calculated using the pore count given by
ImageJ, or by determining the pore count by using the area fraction:

_Ap
iD? (1)

where P is the pore count, Ay, is the area fraction of pores, and D is the average pore diameter.
The pore density is then determined by dividing the pore count by the selected area. For
example, there are 10 full pores and 4 half pores in the square of side ‘a’. Therefore, the pore
density is calculated to be 12 pores per a2. In this investigation, both methods were used to
calculated pore density.

The final product demonstrates the transparent AAO tubular membrane as shown in Figure 3.
Total length of the tubular membrane was 6 cm whereas the effective surface area for filtration
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was approximately 4.5-5 cm long. The aluminum ends were not etched and left as they were
before carrying out the first anodization to aid mechanical handling. The surface and cross
section view of pore structure for membranes anodized in sulfuric and oxalic acid are shown
in the SEM images (Figure 4). Figure 4(a) and Figure 4(b) show the surface views of the AAO
tubular membranes anodized in 5 wt% sulfuric acid at 12.5 V and in 2.7 wt% oxalic acid at 40
V respectively. Both membranes demonstrate uniformity in pore size and distribution.
Thickness of the AAO tubular membrane anodized in 20 wt% sulfuric acid at 12.5 V was
measured to be approximately 76 pm as shown in Figure 4(c), the aspect ratio being as high
as about 3800. This result demonstrated that a very high value of aspect ratio is achievable by
using the procedure described in materials and methods (See table 3 for parameters used).
Figure 4(d) depicts a higher magnification cross sectional view of a tubular membrane anodized
in 3 wt% sulfuric acid at 12.5 V. The figure shows pores starting at one surface (inner),
extending themselves parallel to each other and ending at the other surface (outer). For example,
the molecules once pass into one end (inner) of the pore would only come out from the other
end (outer) of the pore without diffusing out from the middle of the pore-tunnel.

The relationship of membrane thickness and hardness with the experimental parameters was
proposed. It was suggested that the mechanical strength of the nanoporous AAO tubular
membrane is proportional to both the measured thickness and hardness values.

As shown in Figure 4(a) and 4(b), the average pore size of the tubular membranes were around
19 nm and 33 nm, when anodized in 5 wt% sulfuric acid at 12.5 V and 2.7 wt% oxalic acid at
40 V respectively. Table 2 and 3 summarize the data of pore size with respect to voltage and
concentration for oxalic acid and sulfuric acid respectively. As shown in Table 2, when the
voltage increased from 30 V to 40 V, the pore size increased from 18.6+2.9 to 33.6£7.6 nm
respectively. Similar behavior occurred when the samples were anodized sulfuric acid at
different concentrations. When voltage increased from 12.5 to 20 V in the samples anodized
in 3 wt% sulfuric acid, the pore size increased from 19.9+1.9 to 24+2.5 nm respectively. In
case of samples anodized in 5 wt% sulfuric acid, the pore size increased from 19.1+1.9t0 21.4
+0.8, when the voltage increased from 12.5 to 15 V. When the concentration of sulfuric acid
increased from 3 wt% to 20 wt% for the samples anodized at 12.5 V, the pore size decreased
from 19.9£1.9 to 13.74£7.8 nm. The pore size of the samples anodized at 15 V decreased from
21.6+1.8 in 3 wt% sulfuric acid to 21.4+0.8 nm in 5 wt% sulfuric acid.

Interpore Distance

Thickness

The interpore distances of nanoporous AAQ tubular membranes anodized in sulfuric and oxalic
acid are tabulated in Table 4 and 5 respectively. In case of samples anodized in 3 wt% sulfuric
acid, when the voltage increased from 12.5 to 20 V, the interpore distance increased from 32.7
+2.8 to 45.4+8 nm. The interpore distance remained constant at an average value of 31.8+1.1
nm for different concentrations of sulfuric acid at 12.5 V. A similar behavior occurred with
samples anodized at 15V in 3 wt% and 5 wt% sulfuric acid where the average interpore distance
was 37.6x1.7 nm. In the case of samples anodized in 2.7 wt% oxalic acid, the interpore distances
were 65.1+6.5 and 80.5+£3.2 nm at 30 and 40 V, respectively.

Figure 5 shows the graph that depicts the tubular membrane wall thickness as a function of
second anodization time for 2 wt%, 10 wt% and 20 wt% sulfuric acid concentration. AAO
tubular membrane thickness increased with increase in anodization time. As the anodization
time increased from 2 to 32 hours, the thickness of the membrane anodized in 20 wt% sulfuric
acid increased from 8.6.1+8 to 767 um. Similar increase in membrane thickness was observed
in case of samples anodized in 10 wt% and 3 wt% sulfuric acid with respect to anodization
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time, where the membrane thickness increased from 13.7+ 3.7 to 47.5+2.2 pym and from 5.5
+0.210 10.3%1.3 pm respectively. It was also observed that increase in concentration of sulfuric
acid increased the membrane thickness.

Hardness
The average nanohardness of select AAO tubular membrane samples is shown in Figure 6 as
a function of second anodization time. Samples anodized in 2 wt %, 10 wt % and 20 wt %
sulfuric acid are presented. It was observed that the membrane hardness decreased as the
thickness increased with respect to time.

Discussion

Pore Size

It was found that processing parameters can have a dramatic effect on pore characteristics. The
results in Table 2 and 3 indicated that the pore size of nanoporous AAO tubular membranes
increased with increase in applied voltage irrespective of the electrolyte used. It is suggested
that the pore formation is accompanied by volume expansion during the oxide formation at the
metal-oxide interface. This volume expansion is given by Pilling-Bedworth Ratio (PBR) which
is expressed as

_ Volume Of Oxide Produced
~ Volume of Metal Consumed (2)

PBR

Due to volume expansion, the oxide is pushed in tangential and in upward direction moving
the oxide walls upward thereby increasing the height of the pore wall. Since higher voltage is
associated with higher current densities and hence higher volume expansion, more oxide is
pushed in tangential and in upward direction. The pore walls are squeezed more thereby
forming larger pores.

Table 2 also indicated that the pore size decreased with increase in sulfuric acid concentration
at the same voltage. Oxide growth rate and its rate of dissolution partially depended upon
concentration of sulfuric acid. Higher electrolyte concentration increased oxide dissolution and
oxidation growth. With faster oxidation and dissolution, the pore size decreased. Thus, pores
were smaller with 20% than 3% sulfuric acid.

Interpore distance

Table 4 and 5 indicated that the interpore distance increased with increase in the applied
voltage. It is well known that for AAQ, the interpore distance Djy is linearly proportional to
the applied voltage V with a proportionality constant ¢, of approximately { = 2.5 nm/V

Din=¢V (3)

Table 4 indicated that the average interpore distance of the sample tubes anodized in 3% sulfuric
acid at 12.5, 15 and 20 V were 32.7+2.8, 36.4+1.6 and 45+4.8 nm respectively. Using
expression (3), the interpore distances at voltage 12.5, 15 and 20 V are calculated to be 31.5,
37.5 and 50 nm respectively. Thus, it is observed that the interpore distances measured by
conducting the experiments are in agreement with the interpore distance calculated using the
proportionality constant C.

From Table 4, it is also observed that the average interpore distance remains constant even
when there is a change in the concentration of the electrolyte, as can be seen from the interpore
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distance values of the AAO membranes yielded from different concentration of sulfuric acid
at12.5V.

Membrane thickness greatly affects the ability of the AAO tubular membranes to be handled,
as well as decreases the probability of fracture during the fabrication process. Tube wall
thicknesses obtained during this investigation ranged from 5 — 76 pum. Similarly, tube
thicknesses in the literature range from 35 — 200 um [15].

It was suggested that the dissolution of AAQ in electrolyte is ‘field-assisted’, or strongly
dependent on voltage potential [14]. Figure 5 confirms the field-assisted nature of the AAO
dissolution, as increasing the acid concentration does not increase aluminum oxide dissolution.
In fact, the highest acid concentration exhibits the largest membrane thickness, due to its high
oxide growth rate, shown in Table 6. This is most likely caused by the variation in electrolyte
conductivity, as noted by the current density experiments. The increased current gives greater
impetus for greater volume expansion thereby pushing more oxide up the walls resulting in
thicker membranes.

Although Figure 5 shows mostly a linear relationship between anodization time and thickness,
a limiting thickness is evident with prolonged second anodization, though previous literature
has suggested that the membrane thickness is proportional to total current passed to the anode
[15]. This suggests that the membrane thickness is dictated by dynamic equilibrium of
oxidation and chemical dissolution. The dynamic equilibrium of the oxide formation (highly
dependent on the acid concentration and availability of oxygen ions) and dissolution (relatively
constant due to its field-assistant nature) causes a characteristic limiting thickness. Aluminum
tubes anodized in 3 wt % sulfuric acid electrolyte concentrations exhibit characteristic limiting
thicknesses. The limiting wall thickness in 3wt% sulfuric acid is approximately 37 um and
occurs at 24 hours. This is due to their higher oxide growth rates which require longer
anodization times to attenuate [32]. It is believed that with second anodization times longer
than 32 hours, tubes anodized in 10 wt % and 20wt % sulfuric acid will also exhibit
characteristic limiting thicknesses.

The dissolution of the AAO limits the tubular membrane thickness and also affects the
nanohardness of the tubular membrane. Figure 6 confirms the existence of pore wall softening
due to exposure to the acid electrolyte, as the nanohardness is inversely proportional to second
anodization time. The pore wall softening was described previously in terms of a
microcrystalline model, in which the acid electrolyte attacks the anion-rich hydrous region
between the fine-grained anhydrous aluminum oxide [29]. The pore wall softening causes a
decrease in nanohardness. The decrease in nanohardness confirms the domination of
dissolution rate as the anodization continues.

As mentioned previously, the increase in oxidation rate is believed to be caused by an increase
in conductivity. The increased conductivity increases the availability of oxygen ions and thus
the oxide growth rate. The experimental results for current density, as shown in Figure 7, are
in good agreement with the literature [30], which illustrates a linearly proportional relationship
between 0 — 30wt % sulfuric acid.. Also shown in Table 6, the highest sulfuric acid
concentration, 20 wt %, had the largest oxide growth rate.

Conclusions

In this study, AAO tubular membranes were produced under various experimental conditions
and the pore size, interpore distance, thickness and hardness were measured. The voltage
affected the pore size: the pore size increased with increase in the applied voltage and decreased
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with increase in acid concentration. Concentration of the acids also influenced the pore size in
a way that higher acid concentration increased the rate of oxidation than dissolution thereby
decreasing the pore size.

Interpore distance increased with respect to the applied voltage by the proportionality constant
¢, of approximately ¢ = 2.5 nm/V. While the applied voltage was kept constant, the interpore
distance remained at constant value even when the concentration of sulfuric acid was changed.
It was confirmed that the interpore distance was function of the applied voltage alone.

The rate of oxide growth was found to be greater in higher acid concentrations. It was proposed
that this was caused by the conductivity of the acid, as higher acid concentrations resulted in
larger current densities. The field-assisted nature of the AAO dissolution was confirmed.

The membrane thickness was found to be proportional to the concentration of acidic electrolyte.
However, it was also observed that prolonged second anodization time eventually reduced
membrane thickness. This suggests that the membrane thickness must be described by the
dynamic equilibrium of the oxidation and dissolution rates. It is proposed that the attenuation
of the oxidation rate and the resulting limiting thickness is due to depletion of oxygen ions in
the acid electrolyte solution. As each acid concentration exhibited a different oxidation rate, it
is proposed that each acid concentration also displays a characteristic limiting thickness at a
specific time, determined by the equilibrium of the oxidation rate and field-assisted dissolution
rate. Besides limiting the thickness, the dissolution also affects the nanohardness of AAO
tubular membranes. It was observed that the nanohardness was inversely proportional to the
anodization time.
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Figure 1.
Experimental setup for anodization of aluminum tubes
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Figure 2.
Schematic illustration showing the measurement of the membrane parameters. The pore
density is calculated to be 12 pores/a? due to the inclusion of four half pores.
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Figure 3.
Nanoporous AAO tubular membrane in its final form.
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Figure 4.

SEM images of surface view of nanoporous AAO tubular membrane anodized in (a) 5 wt%
sulfuric acid at 12.5 V (b) 2.7 wt% oxalic acid at 40 V. Cross section view of AAO tubular
membrane anodized in (c) 20 wt% sulfuric acid at 12.5 V and (d) 3 wt% sulfuric acid at 12.5
V. Parallel nanochannels are depicted in figure 4 (d).
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Figure 5.
Variation of AAO tubular membrane thickness with respect to anodization time.
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Figure 7.
Average current density during the second anodization as a function of sulfuric acid
concentration.

J Memb Sci. Author manuscript; available in PMC 2009 July 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Belwalkar et al.

Table 1

Experimental electrolyte solutions and applied voltages

Voltage (V) Sulfuric Acid Concentration
12.5 2 wt%, 3 wt% , 5wt %, 7 wt %, 10 wt %, 20 wt %
15 3wt %, 5wt %
20 3wt %
Voltage (V) Oxalic Acid Concentration
30 2.7wt %
40 2.7 wt %
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Table 2

Pore size of AAO tubular membranes produced by 2.7 wt % oxalic acid at 30 and 40 V at 0°C

Concentration of oxalic acid (wt %)

Pore Size (nm)

Voltage (V)

30

40

2.7%

18.6+2.9 33.67.6
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Table 3

Page 20

Pore size of AAO tubular membranes produced by 3 wt %, 5 wt %, 7 wt %, 10 wt % and 20 wt % sulfuric acid at 12.5,

15and 20 V at 0°C

Concentration of sulfuric acid (wt %)

Pore Size (nm)

Voltage (V)
12.5 15 20
3 19.9+1.9 21.6+1.8 24425
5 19.1+1.9 21.4+0.8
7 19+0.5
10 18.4+5.6
20 13.7+£7.8
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Table 4

Page 21

Interpore distance of AAO tubular membranes produced by 3 wt %, 5 wt %, 7 wt %, 10 wt % and 20 wt % sulfuric

acid at 12.5, 15 and 20 V at 0°C

Concentration of sulfuric acid (wt %)

Interpore Distance (nm)

Voltage (V)
12.5 15 20
3 32.7£2.8 36.4+1.6 45.4+8
5 31.94£3.2 38.8+0.4
7 31.8+2.9
10 32.6+4.7
20 29.9+2.4
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Table 5

Interpore distances for AAO tubular membranes anodized by 2.7% oxalic acid at 30 and 40 V at 0°C

Concentration of oxalic acid (wt %)

Interpore Distance (nm)

Voltage (V)

30

40

2.7

65.1+6.5.

80.5+3.2
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Table 6

AAO Growth rate for each sulfuric acid electrolyte concentration

Acid Concentration (wt %0)

Anodic Aluminum Oxide Growth Rate (um/hr)

2 0.318
10 1.272
20 2.148
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