
Processing and Application of Ceramics 13 [3] (2019) 235–243

https://doi.org/10.2298/PAC1903235A

Fabrication and characterization of nanoporous anodic alumina
membrane using commercial pure aluminium to remove Coliform

bacteria from wastewater

Hamed Aghili∗, Babak Hashemi, Mohammad Ebrahim Bahrololoom,

Seyed Ahamad Jenabali Jahromi

Shiraz University, School of Engineering, Department of Materials Science and Engineering, Zand Blvd.,
Shiraz, Iran

Received 5 November 2018; Received in revised form 9 March 2019; Accepted 15 July 2019

Abstract

Nanoporous anodic alumina (NAA) membranes were produced by anodizing process using commercially pure
aluminium (1050 alloy). The optimization of processing parameters, such as applied potential, temperature and
time in two different electrolyte solutions, has been performed to produce the ordered alumina nano-membrane.
Nanoporous anodic alumina membrane (NAAM) was obtained by removing the aluminium substrate and open-
ing the bottom of the pores. The microstructure of samples was studied and analysed by field emission scanning
electron microscopy (FESEM). Image processing of FESEM pictures was performed with MATLAB. The re-
sults showed that at the optimum conditions of anodizing, the percentage of porosity and ordering of pores
in the samples were similar to the productions of the high purity aluminium base. NAA layers that formed
in sulphuric acid solution in comparison with oxalic acid had lower pore diameter (20 nm), lower inter-pore
distance (45–50 nm) and higher hardness (325 HV). The optimized membranes which have been produced with
the same thickness were used for separation of Coliform bacteria from the secondary clarified wastewater.
The results showed that these membranes can be used as selective filters because of their desirable physical
properties.
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I. Introduction

Anodization is an electrochemical process that is

used to produce a thick oxide layer on the surface of

metals and alloys such as aluminium, titanium, and

hafnium. Aluminium anodizing in sulphuric acid was

reported for the first time by Gower and O’Brien in

1927 [1]. Electrolytic solutions such as sulphuric, ox-

alic and phosphoric acids have been used to produce

nanoporous anodic alumina (NAA) [2,3]. Also, the mix-

ture of the mentioned acids has been used [4]. An an-

odized layer consists of an inner dense pure oxide layer

(barrier layer) and an outer porous layer. In 1973, Smith

synthesized an alumina membrane by removing alu-

minium substrate and barrier layer from the NAA layer
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[5]. Masuda and Fukuda [6] synthesized self-ordered

nanoporous alumina layers in 1995.

A nanoporous layer which is formed on an alu-

minium substrate has numerous applications in differ-

ent areas such as magnetism, electronics and photonics

[7–9]. Anodic alumina may also be used for the pro-

duction of alumina nanowires [10]. Also, the alumina

membranes have been used to fabricate biosensors, gas

sensors and in tissue engineering applications, as well

as for water desalination [11–15]. These membranes are

also used to separate the E-coli bacteria from water [16].

Anodization process includes two competitive steps:

i) dissolving the barrier layer at the interface between

the barrier layer and the electrolyte, due to the pres-

ence of an applied electric field and ii) growth of the

oxide layer at the metal-barrier layer interface. For this

purpose, oxygen carrier ions formed at the interface of

barrier layer-electrolyte must migrate into the barrier
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layer at the bottom of the produced pores and metal ions

should migrate from the barrier-metal interface into the

barrier layer. In fact, the migration of metal and oxygen

carrier ions into the barrier layer is a prerequisite for

porous oxide layer’s growth [17].

Barrier layer thickness and pores diameter depend

on temperature and potential of the anodizing process

[7,18], while the anodized layer thickness depends on

the anodizing time [19]. The impurities in aluminium,

which produce different expansion coefficients, influ-

ence the order and orientation of pores [20,21]. Also,

initial sample preparation plays an important role in cre-

ating an appropriate structure. The electropolish pro-

cess and surface roughness have a great influence on

the growth of the NAA layers [22]. Additionally, the

method of anodizing is very effective on the pore order-

ing [23]. When anodizing is done by a two-step method,

the anodic oxide layer grows with highly ordered hexag-

onal structure [24–27]. Effective parameters which have

influence on the properties of anodized layers depend on

the type of electrolyte [13]. Nanoporous anodic alumina

membranes (NAAM) with a certain pore diameter, inter-

pore distance and thickness have particular importance

in some specific applications. Therefore, in this study

commercial pure aluminium (1050 series) was used in-

stead of expensive high-purity aluminium and effects of

different parameters such as the type of electrolyte (sul-

phuric acid and oxalic acid), applied potential, tempera-

ture, and method of anodizing for low cost production of

an ordered nanoporous anodic alumina membrane was

investigated. The optimized membranes produced with

the same thickness were used for the filtration process.

A secondary clarifier pool in wastewater treatment con-

tains a variety of bacteria that are larger than 100 nm

in size. The parameters were adjusted so that the thick-

ness of the layers was identical and the diameter of the

pores less than 100 nm was set. Finally, bacteria sepa-

ration from secondary clarified wastewater was done by

NAAMs.

II. Experimental section

Commercial pure aluminium (1050 alloy) as an an-

ode and graphite as a cathode were used for anodiza-

tion. Samples were prepared with thickness of 500µm

and radius of 2 cm. The samples were homogenized by

annealing for 4 h at 500 °C and then polished by me-

chanical polishing. In order to degrease and remove sur-

face contaminations, the samples were placed in an ul-

trasonic device containing acetone solution. Electropol-

ishing of the samples was performed in an 85% phos-

phoric acid solution at 65 °C [28]. Potentials of 4, 8, 12

and 16 V and different times (1, 2 and 3 min) were em-

ployed. Then, the surface roughness of the samples was

measured using a Mitutoyo machine (AD1012D, ASTM

D7127). The electrolyte temperature increases during

the anodization. Hence, a homemade cooling system to

control electrolyte temperature was used. The real-time

temperature was controlled by two thermometers inside

and outside electrolyte bath. The samples were anodized

under different conditions (Table 1). The permeability

and mechanical properties of the membranes depend on

porosity, pore diameter, and thickness. For a better com-

parison between the membranes synthesized in different

electrolytes, NAA layers with constant thickness were

produced, although the thickness of the layers depends

directly on time, type of electrolyte, temperature and

applied voltage. As a result, using the optimal condi-

tions obtained in each electrolyte, the time to produce

the same thickness of membranes was estimated. Thus,

the anodizing time was determined in a way that layers

with the same thickness were formed in the solutions of

sulphuric acid and oxalic acid. In order to do this, the

times of 40 and 50 min were obtained from experiments

for sulphuric acid and oxalic acid, respectively. The an-

odized layers with the same thickness of 18µm were

achieved for both electrolytes, as a result.
Also two-step anodizing process was done on the

samples by removing the primary NAA layer and again

anodizing the samples with the same initial conditions.

For removing the primary anodic layer, a mixture of

chromic acid and phosphoric acid, with concentrations

of 20 and 35 g/l, respectively, at 75 °C for 30 min was

used.
In order to produce NAAM, the anodized samples

were placed in solutions of copper chloride with con-

centrations of 0.1, 0.5 and 1 mol/l for removal of the

aluminium substrate, and then placed in a 5 wt.% phos-

phoric acid solution at 35 °C for dissolution of the bar-

rier layer and opening of pores.

A scanning electron microscope (FE-SEM TESCAN

MIRA3 LMU) was used to investigate the morphology

of the NAA layers. The chemical composition of the

membranes was found through EDS analysis. Micro-

hardness technique was used to estimate hardness of

produced anodized layer. MATLAB was used for de-

termination of surface porosity percentage of produced

membranes by image processing of surface electron mi-

croscope images of membranes [29].

Optimized membranes were used to separate bacte-

ria from water and filtering process was done. The fil-

tered water was studied to determine the Total Coliforms

(TC) and Fecal Coliforms (FC) according to the stan-

dard 9221B [30], which is related to the number of bac-

teria present in the water, and the efficiency of the nano-

membranes to filter the bacteria was analysed.

Table 1. Components and condition of electrolytes used to produce NAA

Electrolyte type Concentration [g/l] Potential [V] Temperature [°C]

H2SO4 1.68 15, 20, 23, 25, 26 10, 15, 20

H2C2O4 0.3 40, 60, 80, 100, 120 0
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III. Results and discussion

3.1. Electropolishing

Figure 1 shows the relationship between the surface

roughness of samples and applied potential. As shown,

Figure 1. Effect of potential and time on the roughness of
electropolished samples (roughness of as-received

sample: 330 nm)

Figure 2. SEM image of holes that occur during
electropolishing in the gassing zone (V = 16 V, t = 3 min)

the surface roughness changes by increasing applied po-

tential and the electropolishing time. In the electropol-

ishing process, there are three zones of etching, polish-

ing and gassing [31]. Electropolishing occurs at poten-

tials from 4 to 12 V while after that, in the gassing zone,

the anode begins to dissolve and surface holes are pro-

duced. Therefore, the surface quality is reduced (Fig. 2).

The most efficient electropolishing time was 2 minutes.

One minute was not enough to complete electropolish-

ing. By increasing the time, electropolishing improved.

However, when electropolishing was done for 3 min-

utes the surface started to corrode and humps resulting

from the inhomogeneous corrosion of Al substrate were

formed on the surface of samples. As a result, the opti-

mum voltage and time for electropolishing process were

determined to be 12 V and 2 minutes.

3.2. Anodization

In order to produce ordered alumina nanoporous, the

two-step anodization was carried out on the samples.

Electrolyte concentration was constant for all tests and

effects of other parameters, such as electrolyte type, po-

tential and temperature, on the structure of the porous

layer were investigated. In the two-step anodization pro-

cess, the initial anodic layer (Fig. 3 - zone A) is dis-

solved by the mixture of chromic acid and phosphoric

acid solution, therefore a well-prepared surface which

includes suitable growth sites for ordered nanopores

would be achieved (Fig. 3 - zone B). The boundary be-

tween the initial and dissolved NAA layer is illustrated

in Fig. 3 - zone C.

Anodization in sulphuric acid

As shown in Table 2, anodization was done at dif-

ferent potentials and temperatures. At each temperature,

there was a potential (burning potential) that formed mi-

cropores on the surface of the samples (Fig. 4). Burn-

ing potential was related to the temperature of the elec-

trolyte. By increasing the electrolyte temperature, inter-

Figure 3. Dissolving NAA layer (80/O(I)/0/50), the left side shows the first anodized layer and the right side shows the surface
of the sample after dissolving the anodized layer
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Figure 4. Surface image of micropores that were formed in sulphuric acid at 10 °C and 26 V

Table 2. Burning potential of sulphuric acid electrolyte at
different temperatures

Burning potential [V] 26 25 23

Temperature [°C] 10 15 20

actions in solution were increased and the maximum ap-

plied potential was decreased. Table 2 shows the burn-

ing potential of the sulphuric acid solution according to

its temperature. In order to produce a stable and uni-

form anodic layer, the applied voltage should be se-

lected within the appropriate range. According to Table

2, by reducing the temperature from 20 to 10 °C, the

maximum applied potential was increased.

Figure 4 shows the micropores produced on the sur-

face of the sample by applying a potential of 26 V. The

formation of micropores is similar to the mechanism of

pitting corrosion [32]. As a result, to ensure stable con-

ditions during the anodization process, 20 V potential

was considered for anodizing of all samples.

Table 3 shows the results of anodizing the samples in

sulphuric acid at 20 V at different temperatures and an-

odizing methods. As the results show, the average pore

diameter and the average pore distance decrease with

decreasing temperature. Therefore, an anodic porous

layer structure can be formed with a high order. When

the anodizing process is done in two-steps, the pore di-

ameter size becomes more uniform and the average pore

distance gets smaller. Figure 5a shows that the layer

thickness was increased with increasing applied poten-

tial and temperature at constant time (40 min).

Anodization in oxalic acid

Table 3 shows the properties of porous anodized lay-

ers after anodizing in oxalic acid at different potentials.

According to the results, the average pore diameter in-

creases with increasing potential. On the other hand, the

average pore distance remains almost constant from 40

to 100 V and then increases by increasing voltage to

120 V. Pore size distribution and average pore size of the

samples are greater compared to those produced by an-

odizing in sulphuric acid. These Pores have a hexagonal

shape and regularity of structure increases up to 80 V.

By increasing potentials, regularity decreases and pore

shape changes. Therefore 80 V can be taken as an opti-

mum potential. With two steps anodizing and at 80 V,

the average pore diameter remains relatively constant

but pore size distribution becomes smaller, while pore

distance decreases and pore ordering increases. Hence,

the voltage of 80 V was selected as the optimal mode

Table 3. Properties of anodized samples at different anodizing conditions

Sample Electrolyte
Potential Temperature Time Pore diameter Pore distance Anodized

[V] [°C] [min] [nm] [nm] method

20/S(I)/20/40 H2SO4 20 20 40 25–30 80–90 One step

20/S(I)/15/40 H2SO4 20 15 40 20–25 70–80 One step

20/S(I)10/40 H2SO4 20 10 40 17–22 55–65 One step

20/S(II)/10/40 H2SO4 20 10 40 20 45–50 Two step

40/O(I)/0/50 H2C2O4 40 0 50 30–50 190–200 One step

60/O(I)/0/50 H2C2O4 60 0 50 45–70 190–200 One step

80/O(I)/0/50 H2C2O4 80 0 50 50–90 195–200 One step

100/O(I)/0/50 H2C2O4 100 0 50 60–110 210–220 One step

120/O(I)/0/50 H2C2O4 120 0 50 160–180 280–300 One step

80/O(II)/0/50 H2C2O4 80 0 50 70–80 130–160 Two steps
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Figure 5. Plot of thickness versus potential and a) temperature (40 min) in sulphuric acid or b) time (0 °C) in oxalic acid

Figure 6. Microstructure of the anodized layer at optimum conditions in different magnifications and elemental analysis: (a, b
and c) 20/S(II)/10/40, (d, e and f) 80/O(II)/0/50

for membrane synthesis due to the high order and suit-

able pore size (below 100 nm). Figure 5b shows that the

layer thickness was increased with increasing applied

potential and time at a constant temperature (0 °C).

3.3. Microstructure and hardness of NAA

Cross section view of anodic alumina layers synthe-

sized at optimal conditions in both solutions is repre-

sented in Figs. 6.a,b,d,e. The pores’ order is fairly ac-

ceptable and it is relatively similar to hexagonal cell

structure that could be achieved for high purity alu-

minium anodizing. Also, elemental analysis from both

layers in Figs. 6.c,f shows that aluminium and oxygen

are the only elements in the anodic alumina layers. A

low amount of sulphur in the layer anodized in the sul-

phuric acid electrolyte can be related to the presence of

a number of sulphate impurities in the solution which

are incorporated in the walls of the anodic film.

The pore size influences the hardness of the NAA lay-

ers and brittleness increases by decreasing pore’s diam-

Table 4. Hardness of anodized layers

Sample Electrolyte solution Load [g] Hardness [HV]

20/S(II)/10/40 Sulphuric acid 100 325

80/O(II)/0/50 Oxalic acid 100 269
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Figure 7. The bottom layer of NAA a) 20/S(II)/10/40, b) 80/O(II)/0/50

eter [33]. Table 4 shows the hardness of the anodized

layers in two solutions. The produced layer in sulphuric

acid has a higher hardness while being more brittle and

fragile than the layer produced in oxalic acid. Because

two layers have the same composition and thickness,

this difference is due to the pore size and inter-pore dis-

tance.

3.4. Membrane synthesis

After production of the anodic alumina layer, with

removing the aluminium and barrier layers, the porous

oxide layer was converted to alumina nano-membrane.

Aluminium substrate removal was done in a solution of

copper chloride with different concentrations:

2 Al(s) + 3 CuCl2(aq) −−−→ 3 Cu(s) + 2 AlCl3(aq) (1)

The reaction is also accompanied by the evolution of

hydrogen gas:

2 Al + 6 H+ −−−→ 2 Al3+ + 3 H2 (2)

By increasing the concentration of copper chloride,

the intensity of the layer removal reactions is greatly in-

creased and the dissolution rate of the aluminium sub-

strate is gradually increased. Also, the rate of the reac-

tions and the gases thus exhausted (H2) increases. Con-

sequently, if the pores nozzle is not closed with a pro-

tective layer during the removing process, the layer will

be damaged and even leads to the failure of the anodic

layer. In order to optimize the elimination time of sub-

strates with high thickness, firstly the sample should be

put in a solution with high concentration to quickly dis-

solve a large volume of substrates. After the thinning,

the substrate will be transferred into a solution with

lower concentration to continue the elimination of sub-

strates without damaging anodic layers. Figure 7 shows

the bottom layer of optimal samples in both electrolytes.

The final step for producing membrane is the elim-

ination of the barrier layer. The barrier layer thickness

depends on the applied potential and the type of elec-

trolyte. To remove the barrier layer, a 5 wt.% solution

of phosphoric acid is used at 35 °C. Phosphoric acid

also causes pore widening. Thus, to avoid increasing

the pore size, the appropriate time to remove the bar-

rier layer should be selected. If the exposure time in the

solution increases, the whole anodized layer will be dis-

solved gradually and the membrane will be completely

dissolved.

3.5. Bacteria separation

The optimal samples were selected to evaluate the

number of bacteria in the filtered water. The mem-

branes produced in the sulphuric acid (20/S(II)/10/40)

have failed due to the high brittleness during the filtra-

tion process, but the membranes produced in the oxalic

acid (80/O(II)/0/50) showed good strength. The results

of the filtration test are presented in Table 5. The amount

of TC and FC in as received water was 6300 MPN

per 100 ml. After the filtering process, the TC content

in sample 20/S(II)/10/40 was more than 1800 MPN/ml.

Due to the brittleness of the membrane and the pressure

applied on the membrane surface in the filtration pro-

cess, the membrane was cracked and the bacteria passed

through it. The sample 80/O(II)/0/50 showed good sta-

bility to filtration and completely prevented the passing

of bacteria. The TC content in this sample was less than

1.8 MPN/ml.

The pore sizes of the membranes in oxalic acid and

sulphuric acid were 80 and 20 nm, respectively, which

were smaller than the size of the bacteria in water (more

Table 5. Bacteriological analysis of as-received and filtered
water

Sample
Total coliform Fecal coliform

[MPN/100 ml] [MPN/100 ml]

As received 6300 6300

20/S(II)/10/40 >1600 >1600

80/O(II)/0/50 <1.8 <1.8
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Figure 8. Image processing of the sample 80/O(II)/0/50 in two magnification: (a,d) input image, (b,e) output image and (c,f)
histogram

than 100 nm). According to the obtained results, the

optimal membranes produced in oxalic acid have the

ability to separate bacteria in water due to the proper

strength during the filtration process and the appropri-

ate pores.

3.6. Image processing

MATLAB software was used for determination of

porosity percent of porous alumina membrane (sample

80/O(II)/0/50). In the used method, each photo is de-

fined as a 511 × 516 matrix. Each colour in the image

is assigned a number in the range of 0–255 and named

grayscale. In this range, 0 belongs to black and 255 to

white. For image processing, a threshold consistent with

the histogram of each pixel of each image is defined so

that if the numerical value for each pixel is lower than

the threshold, it is seen as black and otherwise it is seen

as white. As a result, the image transforms into a bi-

nary form, where the pores become black and the other

parts of the porous layer are white (Fig. 8). To calculate

the amount of porosity of anodized layers, the ratio of

black pixels number to the total pixels number was cal-

culated. Regarding to the image processing results, the

membrane porosity of the sample 80/O(II)/0/50 was ob-

tained as 11.2% and 11.3% with magnification of 80 k

and 100 k, respectively. According to the 10% poros-

ity law, which is obtained for anodization of high purity

aluminium due to the high ordering of pore structure, it

is concluded that the optimal anodized layer of commer-

cially pure aluminium in oxalic acid has pores structure

relatively similar to anodized pure aluminium (hexago-

nal structure).

IV. Conclusions

The results of the present investigation showed that

nanoporous anodic alumina membranes can be pro-

duced by anodizing commercial pure aluminium (1050

alloy) in either sulphuric acid or oxalic acid. It seems

that sulphuric acid produces pores with smaller diame-

ters (20 nm) than the pores obtained by anodizing in ox-

alic acid (80 nm). The inter-pore distance for the mem-

branes prepared in oxalic acid was also found to be

longer than the distance between pores produced in sul-

phuric acid. In order to more enhance the lattice order,

we have also controlled the pores diameter and inter-

pore distance via temperature and voltage changes. To

fabricate membranes from anodized aluminium, it is

possible to remove aluminium and barrier layer in a

copper chloride solution and then phosphoric acid, re-

spectively. These porous membranes were used as filters

for removal of bacteria from water. Moreover, way, the

membranes produced in oxalic acid exhibit larger pores

diameter and hence less brittleness leading to more sat-
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isfactory mechanical performance. The porosity content

of the optimum membrane was calculated using MAT-

LAB software.
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