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Abstract: With larger surface areas and nanochannels for mass delivery and gas diffusion,
three-dimensional tubular anodic aluminum oxide (AAO) films have practical advantages over
two-dimensional AAO films for medical and energy applications. In this research, we have developed
a process for batch production of tubular AAO films using a 6061 Al tube. The tubular AAO films
have open nano-channels on both sides, with average pore dimensions of about 60 nm and pore
densities of about 10® to 10° pore/cm?. It was found that the porous AAO material with nano-channel
structure exhibited dialysis behavior, allowing for liquid/gas exudation through diffusion between
the inner and outer surfaces of the tubular AAO films. Ar gas bearing test and aeration test were
conducted to find the pressure bearing capacity of tubular AAO films. It was demonstrated that the
AAO film with a thickness of 100 um can resist an argon pressure up to 8 atm; however, 30 um AAO
film can only withstand 3 atm of Ar gas. The tubular AAO films with exudation characteristics have
the potential for applications in advanced technologies, such as liquid or gas filters, drug delivery,
and energy applications.

Keywords: tubular anodic aluminum oxide (AAO); porous material; nanochannels; filtering

1. Introduction

High-quality AAO (anodic aluminum oxide) films provide ordered straight channels, with a
diameter of 10-500 nm, pore density of 10’~10'! pore/cm?, and thickness of 1-300 um [1,2]. With
large surface areas, high mechanical strength, and flexibility, AAO can be used in medical or energy
applications, such as drug delivery and detection [3,4]. The large AAO surfaces can be utilized to
absorb the bio-indicators or drugs, and the releasing behavior can also be controlled based on the heat
sensitivity. AAO has also found applications in energy conversion between carbon dioxide (CO;) and
methanol (CHy) [5,6]. By loading photocatalyst particles on the AAO surface, such photocatalytic
systems can be used to recycle carbon dioxide into organic compounds. Based on the features of
larger surface areas and nanochannels for mass delivery and gas diffusion, three-dimensional (3D)
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structure of AAO films have practical advantages over two-dimensional (2D) AAO films for medical
and energy applications.

AAOQ has a lower melting point than pure alumina because of the inclusions in the porous AAO
structure. Spooner [7] presented the following compositions of alumina film anodized using sulfuric
acid as electrolyte: Al,O3 (78.9 wt. %), Al,O3 - HyO (0.5 wt. %), Alp (SO4)3, and H,O (0.4 wt. %).
According to Akahori’s work [8], the melting point of AAO is near 1200 °C, and AAO template retains
stable, at around 1000 °C [9], which is lower than that of bulk alumina (2017 °C for Al,O3(). The AAO
structure maintaining temperature of 1000 °C is stable enough to be a template for CaO-CaCOj reaction
at 894 °C.

In the past, tubular AAO has attracted attention. Several methods were proposed for the
fabrication and applications of tubular AAO films. According to Altuntas’s report [10], the large
area (50 cm?) free-standing AAO membranes was obtained by sputtering carbon onto AAQO surface for
conductive AAO biosensor applications, especially tubular AAO for filtering. Belwalkar [11] showed
that AAO tubular membranes were fabricated from aluminum alloy tubes in sulfuric and oxalic acid
electrolytes, the pore sizes were ranging from 14 to 24 nm, and the wall thicknesses was as high as
76 pum, which increased the mechanical strengths for handing. The pore density can be calculated
by determining the number of pores according to the area fraction: P = A,/[(71/4)D?], where P is
the number of pores, A, is the area fraction of pores, and D is the average pore diameter. Gong [12]
presented that AAO membrance was prepared in 0.2 M oxalic acid electrolyte under 25 to 40 V applied
for 11 to 18 h; additionally, the control in drug delivery by using nanoporous alumina tube capsules
with pores of 25 to 55 nm was demonstrated. Kasil [13] further reported that the purity of Al is
also a matter of great concern for AAO fabrication. Some applications, such as nano-templates for
semiconductor industry, require a regular pore arrangement with a honeycomb structure, which cannot
be achieved from low grade Al. Moreover, AAO membrane in tubular form can further satisfy the
demand in both diffusive and convective filtration of hemodialysis.

The control in preparing tubular AAO is more challenging than flat AAO film on Al sheet because
of film cracking issues. Since the AAO processes are sensitive to the operation conditions, defects
may appear in AAO membranes if unsuitable conditions are applied. How to manage the variable
conditions is pivotal, including electrolyte temperatures, applied voltages, electrolyte compositions,
cooling stirring, and current density distribution. Kasi [14] reported that more cracks were generated
in smaller diameter (2 mm) tube than larger one (19 mm). The number of cracks generated on the
surface of tubular membrane is directly proportional to the thickness of AAO membrane. The result
also showed that a crack free thicker membrane could only be obtained if the tube diameter is large.
Itoh [15] also shows the AAO tubes that were synthesized by anodization from interior outwards were
three times stronger than those anodized from the exterior surface. Grimes [16] demonstrated the
nanoporous filter is useful for bio-filtration and gas separation, such as for controlling molecular
transport in immunoisolation applications. Furthermore, AAO can also be formed to different
geometric shapes. Yue [17] reported tubular anodic aluminum oxide (AAO) membranes with various
geometries, including circle, square, and triangle, were fabricated using the “external anodizing”
method. Adjust the membrane thickness through the second-step anodization time (10 to 28 h) was
demonstrated to be feasible for avoiding the longitudinal cracks in various tubular AAO membranes.

In our previous research, we produced different nanostructures using high-quality AAO
films [18-21]. However, the mass production of tubular AAO remains challenging. In this paper,
based on our previous experience in AAO producing, a new technique is proposed for the batch
production of tubular AAO films, and such batch production is an important factor in materials
engineering [22].

2. Experimental Procedures

Tubular AAO films with an average pore size of about 60 nm and the film thickness of
40 pm were fabricated from 6061 aluminum alloy (Mg: 0.8~1.2%, Si: 0.4~0.8%, Cu: 0.15~0.40%,
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Al: base) tubes with a diameter of 20 mm by anodization processes. The experimental chemicals
that were used in this experiment were of reagent grade without further purification, including
perchloric acid (HCIOy), ethylene glycol butyl ether (CH3(CH»);OCH,CH,OH), ethanol (C;H¢O),
oxalic acid (C;H;Oy4), chromium trioxide (CrOs), phosphoric acid (H3PO4), cupric chloride (CuCly),
and hydrogen chloride (HCI). The experimental steps are as below: (a) stress relief (6061 Al, 300 °C,
1 h); (b) mechanical grinding on the outer surface of the Al tube (#2000 SiC paper); (c) electrolytic
polishing (15 vol. % HCIO4 + 15 vol. % (CH3(CH;)sOCH,CH,OH + 70 vol. % C,Hg¢O, 15 °C, 42V,
10 min); (d) 1st anodization (3 wt. % CyH,Oy4, 10 °C, 40 V, 1 h); (e) removal of 1st anodization
film (1.8 wt. % CrO3 + 6 vol. % H3POy4 + 92 vol. % H,O, 70 °C, 50 min); (f) 2nd anodization
(B wt. % CoHy0y4, 10 °C, 40 V, 5 h); (g) removal of Al substrate (12 wt. % CuCl, + 8 vol. % HCI + 80
vol. % H,0O, 25 °C, 14 min); (h) removal of barrier layer (5 vol. % H3POy, 25 °C, 1 h); and, (i) pore
widening (5 vol. % H3POy, 25 °C, 45 min).

The AAO thickness between 30 to 100 um were controlled by the anodization time from 3 to 24 h.
The transmembrane pressure test on the tubular AAO films was carried out by purging Ar gas, and
the exudation characteristic of the tubular AAO was tested with a red ink solution.

All of the experimental sample images were acquired using a digital camera (Nikon, COOLPIX
A900, Japan). The microstructures of the fabricated samples were observed by a scanning electron
microscope (SEM, JEOL 6500).

3. Results and Discussion

In order to quickly fabricate and reduce the cost of the tubular AAO process, a batch of
aluminum tubes was set in the anodization mold. Silicone plugs were used to seal the bottoms
of the tubes so that AAO formed on the outer surfaces of the aluminum tubes rather than on
the inner surfaces. Based on our previous anodization process that is illustrated in Figure 1 [1],
the solutions of each tank individually were (a) electro-polishing electrolyte (HCIO,4 solution);
(b) water; (c) anodization electrolyte (oxalic acid solution); (d) AAO removal solution (H3PO4
solution); (e) aluminum removal solution (CuCl, + HCI solution); and, (f) AAO pore widening
solution (H3POy solution). The experimental parameters of solution temperature and applied voltage
were controlled using a cooling/heating machine and programmable power supply, respectively.
The aluminum tube, functioning as the working electrode, was in contact with a conducting copper
sheet as the anode, and an aluminum sheet was in contact with the cathode as the counter.

Hanger Hanger electrode

Metal sheet

mnn Al tube/ anodization mold
7

@ T o

Ead 4

(@ (e) ®

Figure 1. Schematic diagram of the producing flow and instrument setup with an overhead conductive
rod for fabricating the tubular anodic aluminum oxide (AAO) template. The operating process is
conducted in the order from (a—f), but after each step, the sample is rinsed in (b) the water bath.
The solutions in the tanks are (a) electro-polishing electrolyte; (b) water; (c) anodization electrolyte;
(d) AAO removal solution; (e) aluminum removal solution; and, (f) AAO pore widening solution.
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Figure 2 shows the set up to remove Al substrate, including Al removal solution (CuCl, + HCl
solution), pump, and pipes. After the removal solution was pumped into Al tube to etch Al for ten
of minutes, translucent tubular AAO was obtained. The chemical displacement reaction between Al
and Cu can be expressed as: 2 Al + 3 CuCly) — 3 Cuyg) + 2 AlClg(). By the way, HCI promotes the
AlCl;3 formation, and the reaction is denoted as: 2 Al + 6 H* (q) + 6 C17 (,q) — 2 AlClz) + 3 Hp ().
Because this is an exothermic reaction during Al-Cu displacement reaction the cooling for etching
bath is critical. Figure 3 shows the detailed Al removing processing flow. Most of Al substrate can be
removed after a 15 min removing process.

Pipe

Solution in

Solution out

@) (b)

Figure 2. (a) Schematic diagram and (b) working situation of experimental setup for removing
aluminum substrate from Al/AAO sample.

Figure 3. Optical images of tubular Al/AAO film after etching Al substrate for (a) 2 min; (b) 4 min;
(c) 6 min; (d) 8 min; (e) 10 min; (f) 12 min; (g) 15 min; and, (h) the finish product cleaned with water.
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Figure 4 shows the optical images of the initial 6061 tube and anodic tubular aluminum oxide
made by the assistance of electrochemical and wet-etching process. It includes the following steps:
(a) the aluminum tube that contains many scratches; (b) most of rough scratches on aluminum
tube were removed after mechanical grinded; (c) a mirror-like aluminum surface was achieved
after electrolytic polished; (d) a uniformity AAO film was formed on the Al surface through the
first anodization process; (e) ordering patterns were formed on the Al tube after removing the first
anodization film; (f) AAO film was formed on the ordering pattern Al surface through the second
anodization; and, (g) a translucent AAO film was presented after removing Al substrate.

Figure 4. Step-by-step images of tubular AAQO fabrication process: (a) initial 6061 Al tube and
their outward appearances after each procedures, including (b) mechanical grinding; (c) electrolytic
polishing; (d) the first anodization; (e) ordering pattern; and, (f) the second anodization;
and, (g) the finished tubular AAO film with Al rings on both ends.

Figure 5 shows a schematic diagram of the tubular AAO micro-morphology. In the beginning,
AAO film forms hexagonal channels because of the internal stress balance. Subsequently, the hexagonal
channels are changed to a circular tube by anodization electrolyte etching. While the high purity Al
tube is anodized, circular holes form on the hexagonal patterns of the anodic film. In Figure 5a, anodic
aluminum oxide with regular pores on the Al tube surface was shown. Figure 5b is a lateral-view
image of the anodic film, showing a straight channel with hemispherical closed barrier layer formation
on the channel bottom. In Figure 5¢, the aluminum substrate has been removed from the independent
AAO film, and the anodic film presents a hemispherical closed barrier layer on the bottom. Because
the closed barrier layer may affect the gas or liquid circulation in advanced applications, the barrier
layer can be removed. In Figure 5d, the barrier layer is removed in a both-side open anodic channels.
The anodic film structure is supported by a continuous wall, and both ends of the anodic tube are open
to allow for air or liquid flow in the anodic tubes. However, in our experiment, 6061Al tubes were
utilized as the raw material for anodization. AAO obtained from 6061Al has a worse microstructure
than AAO prepared from pure AL

Figure 6 shows photos of the tubular AAO film formed with 6061Al tubes. Figure 6a shows the
raw material, the 6061 Al tube, which has a rough surface before mechanical and electrical polishing.
Figure 6b shows that the 6061 Al tube presents a flat surface that is suitable for the formation of
high-quality AAO after electro-polishing (EP) process. In Figure 6¢c, the AAO film on the EP Al further
presents golden color by oxidized in oxalic acid solution with a DC voltage of at 40 V. Figure 6d shows
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tubular AAO film partially with the inner EP Al surface; therefore, the Al substrate could be entirely
removed by dipping in CuCl, aqueous solution. The image shows that part of the Al substrate was
removed, and the partially exposed AAO film is visible. In Figure 6e, the exposed AAO film with the Al
rings on both sides further obtained after the Al substrate was totally removed. In future applications
of tubular AAQ, the Al rings on both sides can function as connectors. Figure 6f demonstrates that the
red ink solution exuded through the AAO nano-pores.

Figure 5. Schematic diagram of tubular AAO micro-morphology; (a) AAO film on the aluminum
substrate and its (b) enlarged image; AAO film (c) without aluminum substrate; and, (d) barrier layer.

Figure 6. Photos of tubular AAO film formed from 6061 Al tubes: (a) raw 6061 Al tube material;
(b) electro-polished (EP) 6061 Al; (c) AAO formation on the 6061 Al tube; (d) partially removed 6061 Al
substrate from AAO film; (e) tubular AAO film without 6061 Al substrate; and, (f) red ink exudation
through AAO film.
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Figure 7 shows tubular AAO with Al connectors for the further characterizations of gas
transmembrane pressure or liquid exudation tests. In Figure 7a, the schematic drawing of tubular AAO
film with nano-channels structure is presented and both ends are connected with metal aluminum
tubes. Figure 7b demonstrates the exploded view of a gas connector with tubular AAO, and the gas
connectors on the tubular AAO in Figure 7c. The practical testing setup of gas connectors on the
tubular AAO is shown in Figure 7d. For the pressure bearing testing of tubular AAO films, the barrier
layer at the AAO bottom was kept, and then Ar gas was input into one of gas connector from the
storage bottle, while the other end of gas connector was sealed. The pressure bearing capacity of
tubular AAOs depended on their thickness. AAQO film with a thickness of 100 um can resist an argon
pressure up to 8 atm; however, 30 um AAOQO film can only withstand 3 atm of Ar gas. For the aeration
test, AAO’s barrier layer was removed, and Ar gas was injected into one gas connector (the other
one was sealed). As aerating tubular AAO was put in the water, a lot of bubbles leaked out on the
AAO surface.

Gas out

=

Gas flow control h

Figure 7. The schematic diagram of transmembrance pressure test on the tubular AAQ; (a) tubular

AAOQO; (b) exploded view of gas connector with tubular AAO; (c) gas connector with tubular AAO;
and, (d) image of gas connector with tubular AAO.

Figure 8 presents the SEM images of tubular AAO anodized at 40 V. In Figure 8a, a barrier layer
having an ordered compact structure was observed at the bottom of the AAO. Figure 8b shows the
nano-pores after partially removing the barrier layer. In Figure 8c, the entire barrier layer has been
removed, and the bottom view image reveals the nano-pore structure. In Figure 8d, the average pore
dimension is about 60 nm and the pore density is about 108-10° pore/cm? in the AAO structure.

A complete tubular AAO process takes a long time, and the whole process includes (a) stress
relief of Al tube (1 h); (b) mechanical grinding on the outer surface of the Al tube (1 h); (c) electrolytic
polishing (10 min); (d) 1st anodization (1 h); (e) removal of 1st anodization film (50 min); (f) 2nd
anodization (5 h); (g) removal of Al substrate (15 min); (h) removal of barrier layer (1 h); and, (i) pore
widening (45 min). A complete tubular AAO process includes nine steps and takes around 10 h, at least.
In order to increase the fabrication efficiency of tubular AAO a batch tubular AAO making is necessary.
Figure 9 showed a batch tubular AAO process, including (a) a specified length of raw Al tubes is used;
(b) a batch of mirror-like Al tubes surface formation after electrolytic polishing; (c) a batch of AAO
production on the Al tubes through anodization; and, (d) a batch of tubular AAO formation after
removing the retaining Al substrates. In our future work, high purity aluminum, such as 99.999% Al
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tubes will be used instead of 6061 Al for the AAO substrate. It is believed that the microstructure of
the pore arrangement of AAO will thus be improved.

Figure 8. Scanning electron microscope (SEM) images of tubular AAO microstructure; (a) bottom view
of barrier layer; (b) partially removed barrier layer; (c) bottom view without barrier layer; and, (d) top
view of nano-pores.

T

I

Figure 9. Batch tubular AAO process (a) 6061 Al tubes; (b) electrolytic polished 6061 Al tubes;
(c) anodized 6061 Al tubes; and, (d) tubular AAO films.
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4. Conclusions

A new and simple method was developed, which enables a cost-effective approach for the
fabrication of a batch of tubular AAO templates. According to the SEM images, the pore arrangement
of AAO is far less dense than the hexagonal pore structure. Based on the tubular AAO process,
high-purity (99.999%) Al can be used to synthesize AAOs with pore diameters that are smaller than
10 nm in HSOy electrolyte at a lower applied voltage (18 V) and pore diameters larger than 400 nm in
H3POy electrolyte at high applied voltage (200 V).

The applications of tubular AAO films were also demonstrated via Ar gas bearing test and
aeration test. Tubular AAO films with a thickness of 100 pm can resist a gas pressure of up to 8 atm,
and the resistance was still as high as 3 atm, even the film thickness reduced to 30 pm. With a further
perforation treatment, tubular AAO films became fluid-permeable. According to the aeration and
ink exudation tests, both Ar gas and red ink could past through nano-structured AAO films slowly,
suggesting to a potential candidate for in filtering, dialysis, and gas diffuser applications.
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