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Anodic porous alumina has been studied and used as nanoscale structure, coating, template in different 

applications. The porous anodic alumina oxide could be described as numerous hexagonal cells and looks like 
cellular structure. In this work we report about results of study anodizing of aluminum with usage of electrolyte: 
“oxalic acid electrolyte-matter with carbon nanodots”. It was received anodic aluminum oxide-membrane with 
aluminum supporting; calcination was used as post treatment. The aluminum substrate allows one to fix the 
membrane in the cells. Methods: processes of anodizing was provided in 0.3M oxalic acid with addition of colloid 
system of carbon nanodots, temperature of process was controlled at range of 10 degree Celsius, aluminum foil 
(anode) and platinum plate (cathode) were used; thickness of aluminum foil was 0.1 µm; morphology and structure 
of anodic aluminum oxide-membrane were determined with usage of electron scanning microscope; the contact 
angle between the surface of anodic aluminum oxide-membrane and deionized water was measured with “drop” 
methodology. Calcium content was monitored with a conductometer. The content of proteins was determined with 
photometry (micro Lowry’s method).  It was found that contact angle of the surface of anodic aluminum oxide-
membrane obtained in electrolyte “oxalic acid-matter with carbon nanodots” and deionized water is 38 degrees. 
Adding colloidal system of carbon nanodots to the acid electrolyte acts as a hydrophilizer, changes the size of the 
porous surface: as a result, it is possible to control the porosity of the films. Calcination of anodic aluminum oxide-
membrane at 500 degree Celsius lead to expansion and thinning of pore walls. Anodic aluminum oxide-membrane 
was tested for dialysis process for milk whey separation. The membrane obtained in electrolyte: “oxalic acid-matter 
with carbon nanodots”  showed a greater degree of rejection of protein particles in comparison with a similar 
membrane obtained in electrolyte of oxalic acid. The advantage of using carbon nanodots in acid electrolyte is the 
simplicity and environmental friendliness of the synthesis. The approach, which involves the addition of a colloidal 
system with carbon nanomaterial, allows one to avoid using a strongly acidic electrolyte for obtaining membranes 
with smaller pores. One of the ways for using of anodic oxide aluminum-membrane is the dialysis of biological 
fluids, for example, milk whey. 

Keywords: anodized aluminum oxide, carbon nanodots, oxalic acid, colloid system, electrochemical synthesis, 
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INTRODUCTION 

Freshly precipitated or aged hydrated 
alumina oxide (HAO) is widely used as a flame 
retardant filler [1], precursor to Al compounds 
(aluminum chloride [2], zeolites [3], activated 
alumina [4] etc.) and also in pharmaceutical 
industry [5, 6], particularly for the preparation of 
drugs against COVID-19 [5] and Ebola fever [6]. 
Other field of application of this material is 
adsorbents for water treatment [7–9] particularly 
as a constituent of double oxides [10–12] As 
opposed to widespread phosphates of multivalent 
metals, which possess cation exchange properties 
[13–15], HAO demonstrates also anion exchange 

capability in acidic media, whereas it adsorbs 
cations in alkaline media [16]. HAO is also 
applied to modifying membranes in order to 
provide the improvement of their separation or 
transport capability and hydrophilicity [17–20] 
similarly to hydrated zirconium dioxide [21–24]. 

Among amorphous oxide materials, anodic 
aluminum oxide (AAO) occupies special 
position due to regular porous structure [25–27]. 
AAO is synthesized to protect the aluminum 
surface from corrosion - the first patent was 
obtained in Great Britain in 1923. On the other 
hand, AAO-film provides a porous textures of 
the metal surface, which is necessary for 
applying paint and varnish. It is possible to 
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obtain mechanically stable membranes with 
regular and through pores [28–32], particularly 
after calcination. The membranes are used for 
the separation of biogenic particles of different 
size [33] and even particles with similar 
molecular mass [34], for the purification of 
biological liquids from urea, creatinine, 
vancomycin and inulin [35], for sensors [36–38], 
catalyst carriers [39], as separators for lithium-
ion batteries [40, 41]. AAO-membranes 
containing adsorbed metal cations are capable to 
adsorb proteins [42]. The membranes are used as 
some matrices for growing nanostructures such 
as carbon [43, 44], polyaniline [45], titanium 
[46] nanotubes. Thus, AAO has a wide field of 
practical application. 

As noted in the review [47], the smallest 
pores are formed in the solution of strong acid 
(H2SO4, H2SeO4). Regarding weaker acids, such 
as H3PO4, C2H2O4, it is possible to obtain larger 
pores. This is due to proportionality of pore 
diameter to the voltage, at which anodization 
was performed. Decrease of the solution 
resistance reduces the voltage; as a result, 
smaller pores are formed. However, this 
approach is undesirable from the point of view of 
safety and environmental protection. Other way 
is screening the anode with inert nanoparticles 
reducing its working surface area. Earlier it has 
been shown that the additions of graphene oxide 
(GO) to the solution of oxalic acid results in a 
decrease of AAO pore size [48]. This is 
evidently due to adsorption of GO nanosheets on 
the aluminum surface – this is typical behavior 
for GO and metals [49–53]: the nanosheets are 
adsorbed on the electrode surface through the π–
π-stacking interaction with graphene. Moreover, 
GO is included into AAO during Al anodization 
[48]: this is similarly to the composite formation 
over precipitation of hydrated metal oxide 
simultaneously with GO [54–56]. The GO 
addition evidently increases AAO hydrophilicity, 
since this nanomaterial is used for 
hydrophilization of polymer membranes to 
improve their resistance against fouling with 
organic substances [57–59]. The goal of work is 
to examine other carbon nanomaterial to evaluate 
its effect on porous structure of AAO. In this 
case, 0-dimentional carbon nanodots (CNDs) 
were chosen instead of 2-dimentional GO. The 
size of these nanoparticles is smaller comparing 
with GO nanosheets, but the chemical 
composition of the surface is similar. Thus, it is 

possible also to expect their effect on the porous 
structure of AAO. 

EXPERIMENTAL 

Carbon nanodots were obtained according to 
the method [60]. Briefly: citric acid (1.05 g) was 
dissolved in 10 cm3 of deionized water, then 
ethylenediamine (0.33 cm3) was added. The 
solution was inserted into reactor which was 
plugged up and heated at 200 degrees Celsius 
during 5 h. The size of CNDs obtained by this 
manner was 8–12 nm, as noted in [60]. This 
procedure was repeated several times to obtain a 
considerable volume of colloidal system of 
carbon nanoparticles. The amount of solid in 
aqueous medium was determined with 
gravimetric technique. As found, the amount of 
CNDs in colloidal system was 110 g dm–3. 

The aliquot (cm3) of the CNDs solution was 
inserted to a 0.3 M H2C2O4 solution, the 
resulting content of carbon constituent was 
0.0015 g·dm–3. Before the electrochemical 
experiment, the solution was activated with 
ultrasound at 30 kHz during 10 min using an 
ultrasonic bath (Bandelin, Hungary). 

Technically pure aluminum plate, a 
thickness of which was 0.1 mm, was used as an 
anode. The material contained (at. %): Al – 
99.97 %, Fe – 0.01 %, Si – 0.01 %, Cu – 0.01 %. 
The method for the pretreatment of the 
aluminum plate is described in detail earlier [48]. 
The procedure involved calcination, ultrasonic 
treatment, washing with ethanol and coating of 
one side with a mask of photoresist. 37 rounds 
were present on photoresist mask. The diameter 
of one round was 3 mm. From the mask side, the 
plate was polished subsequently with solutions 
CuCl2 and HCl, and rinsed out with deionized 
water. 

The description of the experimental setup is 
given in [48]. Briefly: the stack contained 
electrochemical parallel-plates reactor, where the 
electrodes were vertical. The reactor consisted of 
2 compartments, the first chamber contained 
electrodes and electrolyte, the second one 
remained empty. The compartments were 
separated with Al plate. The electrolyte was 
cooled down to 10 °C during pumping through 
the reactor. The side of the anode, which was 
coated with perforated mask. The cell voltage 
was 40 V. In order to remove the additions of 
other metals, the impulse of 100 V was given 
(2 s) at the start of anodizing. 
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Electrochemical oxidation of aluminum was 
carried out in two stages [61], when the solution 
of oxalic acid without CNDs was used. The 
duration of the first stage was 2 h, then the 
AAO-layer was removed with a mixture of 
Н2СrO4 and 6% H3PO4 similarly to [48]. Further 
the second stage was carried out in the same 
condition. 

When the electrolyte containing both oxalic 
acid and CNDs was used, one-stage process was 
performed. The residual aluminum was removed 
with a CuCl2 solution in concentrated HCl, then 
the plate was treated with a H3PO4 solution to 
remove the AAO-layer with non-regular pores. 

Morphology and chemical composition of 
AAO were performed using a Tescan Mira 
3LMU scanning electron microscope supplied 
with an In Beam detector (TESCAN, Czech 
Republic). Two independent variants of sample’s 
coating (carbon and gold) were used in research, 
a Gatan pecs 682 preparation device (Gatan, Inc., 
USA) was applied to this purpose. The time to 
provide vacuum conditions was 15 min. 
Focusing and astigmatism compensation were 
used to obtain clear images. 

The AAO membrane obtained in a presence 
of carbon additions was tested for dialysis of 
biological liquids. Dialysis of milk whey 
(produced by Pyryatin Syrzavod LTD) was 

performed through the AAO membrane using the 
cell described above. The biological liquid filled 
the first compartment, deionized water circulated 
through the second chamber. Milk whey 
contained 7 g dm–3 of salts. The control of salt 
content in the solution, which was formed as a 
result of diffusion, was carried out with a 
conductometer HI 9932 (Hanna Instruments, 
Germany). The content of proteins was 
determined with photometric method [62]. 

RESULTS AND DISSCUSION 

Regarding carbon addition to the oxalic 
electrolyte, the advantage of CNDs over GO is a 
simplicity and ecological purity of synthesis. 
Moreover, not only chemical reagents [60] but 
also natural raw material like polysaccharides 
[63] can be used for the synthesis procedure. As 
found early with a high-resolution TEM 
observation, the shape of CNDs was close to 
round, the size of them was 8–12 nm [60]. Since 
the carbon constituent is nanosized, it gives 
colloidal system, which demonstrates typical 
Tyndall cone (Fig. 1 a). The color of the solution 
is orange. Blue luminescent glow is visible in the 
darkness, when the vessel containing the 
colloidal system is under UV lamp (Fig. 1 b). As 
shown below, the CNDs additions to electrolyte 
affects porous structure of AAO. 

 

  
a b 
  

Fig. 1. Tyndall cone through the colloidal system of CNDs (a) and its luminescence under UV-irradiation (b) 

 
When there is no carbon addition in the 

oxalic electrolyte, the diameter of the AAO-
pores (d) is proportional to the cell voltage (U) 
[64]: 

d kU  ,              (1) 

where  is the porosity, k is the empirical 
constant. Since U = Ec + Ea + IR (here Ec and Ea 
are the potentials of cathode and anode 
respectively, I is the current, R is the value that 
includes the resistances of electrolyte and AAO 
film), it is possible to write: 
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c ad k( E E iSR)   
,            (2) 

where i is the current density, S is the effective 
surface area of the anode. Adsorbed CNDs 
partially isolate the anode surface; it means a 
decrease of the S value. As a result, smaller 
pores should be formed. 

Indeed, the effect of CNDs additions on 
current is seen in Fig. 2. The CNDs additions 
decrease current in ⁓ 2 times. Since no change of 
the electric conductivity of oxalic electrolyte was 
found after CNDs insertion, reducing current is 
due to screening of the electrode surface. 

 

 

Fig. 2. Current as a function of time of aluminum anodizing (second stage). Electrolyte was without (1) and with 
CNDs (2) 

 
Fig. 3 illustrates pore structure of AAO 

obtained without and with carbon additions, the 
samples were observed before the removal of 
bottom side of AAO (i.e. residual aluminum) and 
after its removal (i.e. after the pore opening). 
Regarding the sample synthesized in the absence 
of CNDs cellular structure of pores are seen, the 
length of the hexagon side is about 23 nm. The 
thickness of pore walls is up to 30 nm. The pores 
diameter is within the diapason of 50–100 nm; 
the largest pores dominate. From the bottom 
side, the convex in homogeneities are seen, their 
shape is irregular but close to spherical. Their 
diameter is 75–100 nm. The pores are through 
and cylindrical, the outer diameter of empty 
cylinders is 140–160 nm, the inner diameter 
corresponds to the d value of holes. 

In the case of AAO obtained in the presence 
of CNDs, it surface is more irregular comparing 
with the sample, which was synthesized without 
carbon additions. Though the length of pore 
walls are also  23 nm, their thickness is larger 
(up to 50 nm), the hole diameter is 20–40 nm. 
The outer diameter of cylindrical pores is up to 
85 nm, the convex inhomogeneities are also seen 
in the bottom side of AAO. 

Thus, the CNDs additions provide formation 
smaller pores with thicker walls evidently due to 
the screening the electrode surface with 
nanoparticles. According to the formula (2), 
decrease of the effective area of the electrode 
reduces the current, when anodizing occurs 
under potentiostatic conditions. Other way to 
decrease pore size is to reduce the cell voltage. 
However, in this case the formation of the AAO 
layer is more long-time. 

The effect of carbon additions can be 
explained also from the point of view of the 
mechanisms of AAO growth. First of all, the 
nanosheets of the materials of GO type are 
adsorbed on the surface of hydrated oxides 
[65, 66]. Let us consider the influence of non-
conducting nanosheets on the AAO-film growth 
taking different theories into consideration. The 
theory of Bogoyavlensky is considered AAO as 
colloid formations [67]. According to this theory, 
the anodic oxide is the gel of metal oxide. First 
the embryos of future micelles are formed on the 
active centers of the anode. The embryos grow 
and turn into polyions: they are fibrous rod-
shaped micelles that form skeleton of oxide gel. 
Adsorption of anions and water, which is carried 
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out due to their transport in intermicellar pores, 
provides the negative charge of the micelles. 
Similarly, to GO-, the CNDs-surface is 
practically unchanged in acidic media, this 
provide adsorption of nanodots on the micelles. 
Since CNDs tend to aggregation, they can 
perform a function of a cross-linking agent for 
micelles, which are elongated along the direction 
of electric field. 

Both the negative charge of micelles [67] 
and migration of O2– ions through the film being 
formed towards positively charged anode [68] 

provide AAO adhesion to aluminum. Screening 
of AAO-micelles with CNDs depresses anion 
migration, this results in a decrease of current. 
Moreover, adsorbed carbon addition, which 
possesses no electron conductivity, increases the 
resistance of the AAO-film. As a result, the 
current decreases (see Fig. 2). Screening of the 
electrode with AAO promotes adsorption of 
CNDs.  

Hydrophilic properties of ceramic membrane 
were tested with deionized water; the drop was 
spread over a surface. 

 
 

 
a b 

Fig. 3. Contact angle: AAO-membrane (a), AAO-membrane with CND (b) 

 
According to the mechanical model, the 

volume of HAO (i.e. AAO) being formed is 
2 times larger comparing with metal aluminum 
[69]. Pores are a result of volumetric expansion 
of aluminum oxide. Indeed, the density of 
aluminum is 2.7 g·cm–3, the value for crystalline 
Al2O3 is 3.95 g·cm–3. However, the density of 
tightly packed sheets of graphene (2.27 g·cm–3) 
is close to that for graphite. It means, adsorption 

of carbon additions decreases the volume of 
AAO so depressing mechanical stress.  

The assumption of CNDs adsorption on 
AAO is confirmed by the data of chemical 
analysis. Fig. 5 illustrates typical electron 
spectrum obtained for AAO, the data of chemical 
composition are given in Table (the content of 
oxygen, as determined using the SEM-
equipment, corresponds to the summary content 
of oxygen and hydrogen). 

 
 

Table. Chemical composition of AAO-membrane (all lines are K-series, the analysis was made for the samples 
with opened pores, carbon layer was sprayed) 

Element 

Content, % 
mass atomic 

without 
CNDs 

with 
CNDs 

without 
CNDs 

with 
CNDs 

O 21.55 23.49 22.61 29.02 
Al 37.72 55.79 23.47 40.86 
С 33.90 17.50 47.38 28.79 
Cu 1.48 2.02 0.39 0.63 
S 0.41 0.53 0.21 0.33 
N 4.95 0.57 5.93 0.01 
Total 100 100 100 100 
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a b 

  
c d 

  
e f 

  
g h 

Fig. 4. SEM-images of AAO-membranes synthesized without (a-d) and with (e-h) CNDs. The images were 
obtained after carbon (a, e) and gold (b-d, f-h) coating. The photo illustrates the top (a, b, e, f), bottom (c, g) 
sides of the AAO-film and its cross-section. The observation was carried out before (a, b, d, e, f, h) and after 
(c, g) pore opening 
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Fig. 5. Electron spectrum of AAO obtained in a presence of CNDs. An ultrathin carbon layer was coated 

 
As shown from the Table, AAO-membrane 

contained sulfur and nitrogen, which were 
initially in the aluminum plate. The content of 
copper is due to adsorption of [Cu(H2O)Cl4]2–-
complexes on AAO (normally adsorption of 
anions on metal oxides is realized in acidic and 
neutral media [70]), adsorption of CNDs depress 
anion exchange capability of the metal oxide: 
smaller copper content was found for the sample 
obtained in a presence of carbon addition. It is 
the same for the adsorption of oxalate ions and 
complexes of aluminum oxalate: 

2(=А1ОН)+2Н++С2О4
2–→(=А1ОН2)2(С2О4), 

               (3) 

3(=А1ОН)+3Н++[А1(С2О4)3]3–→ 
→(=А1ОН2)3[А1(С2О4)3]. 
               (4) 

As a result, smaller ratio of Al:O for the 
sample, which was obtained in a presence of 
CNDs, is due to the depression of adsorption of 
oxygen-containing complexes. The C-content is 
not indicative, since the sample were coated 
namely with carbon film. 

When the samples were coated with a golden 
film, the average carbon content was 22 (AAO 
obtained without carbon addition) and 32 % 
(AAO-film synthesized in a presence of CNDs). 
This indicates inclusions of not only carbon of 
oxalate anions, but also CNDs.  

The membrane material containing AAO 
inclusion is metal substrate illustrated on Fig. 6. 
The substrate allows us to fix the pore membrane 
in the cells. 

At last, experiment with calcination of  
AAO-material at 500 °C shown the result of pore 
widening and pore walls thinning (Fig. 7, 
compare with Fig. 4 a, e). Regarding the sample 

containing CNDs, the pore size increased up to 
 50 nm. The surface roughness is saved after 
thermal treatment. In the case of AAO that 
includes no carbon addition, the pore diameter 
reaches ⁓ 70–100 nm. The pore widening is due 
to water losses, carbon burnout and 
crystallization of HAO. Besides pore expansion, 
the disadvantage of thermal treatment is 
separation of the AAO-membrane from the metal 
substrate. In order to save the fixing membrane 
in the substrate, other approaches have to be 
used. 
 

 

Fig. 6. AAO-membrane in aluminum substrate 

The AAO-membrane, which was obtained in 
a presence of CNDs, was tested in the dialysis 
process to desalt milky whey (no previous 
calcination was applied). The salt content from 
the receiving side of the membrane is given in 
Fig. 8 as a function of time. The salt flux through 
the membrane, N, was calculated as: 

dn 1
N

dt S


,              (5) 

where n is the salt amount, t is the time. During 
the first 500 min, the salt amount from the 
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receiving side of the membrane was 610–4 kg. 
Since the effective area of the membrane was 
7.110–4 m2, the salt flux was estimated as 
2.8210–5 kg·m–2·s–1. About 100 g of salts are 
removed during 1 h, when S = 1 m2. In order to 
reach 50 % of desalination for 1 dm3 of whey, 
3.5 g have to be removed during 1 h, It means, 
the effective area of the AAO membrane is 
350 cm–2, if the AAO-“window” is square, its 
size is 18.718.7. Other way is to sorb ions, 
which are moved through the membrane. This is 
necessary to maintain a constant salt flux. It is 
possible to use ion exchange resins for this 
purpose. Direct whey desalination by means of 

ion exchange is undesirable, since the pH 
deviations cause protein aggregation and mixing 
aggregates with resins. If to keep the salt flux at 
the initial level, it is possible to continue dialysis 
time. In this case, the membrane area should be 
decreased. 

It should be stressed that the protein 
rejection was ⁓ 99 %. Thus, one way of the 
AAO-membrane application is desalination of 
small volumes of biological liquids. At the same 
time, the membrane obtained in an absence of 
CNDs shows 50 % of rejection of protein 
particles. 

 

a b 

Fig. 7. SEM-іmages of AAO-membrane synthesized without (a) and with (b) CNDs followed by calcination 

 

 

Fig. 8. Dialysis desalination of milk whey using AAO-membrane obtained in a presence of CNDs 

 
CONCLUSIONS 

Comparing the data of this work with earlier 
results [48] allows us to suggest that the usage of 
both graphene oxide (2-dimensional carbon 
material) and CNDs (0-dimensional) as additions 
to weakly acidic electrolyte gives similar results. 
In other words, mentioned carbon nanomaterials 

 
provide formation of smaller pores in AAO. 
However, the advantage of CNDs is the 
simplicity and environmental friendliness of 
synthesis. The approach, which involves the use 
of carbon nanomaterial, allows us to avoid 
strongly acidic electrolyte to obtain the 
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membranes with small pores. This provides 
ecological friendless of the AAO synthesis. 

As shown, one way of application of the 
obtained AAO membrane is dialysis of 
biological liquids. The features of these 

processes is a subject of further investigations. 
Other directions of practical employment of the 
membranes, particularly calcined ones, should be 
also researched. 
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Анодний оксид алюмінію досліджується та застосовується як нанорозмірні структури, покриття, 
шаблони та ін. Пористу структуру анодного оксиду алюмінію можна описати як поверхню, що складається 
з численних гексагональних комірок та характеризується «комірчастою структурою». У роботі викладені 
результати дослідження анодування алюмінію з використанням електроліту: «щавлева кислота-матеріал з 
вуглецевими наноточками». Отримано мембрану анодного оксиду на алюмінієвій підкладинці; мембрану 
додатково прожарювали. Використання субстрату-алюмінію дозволяє закріпити кераміку анодного оксиду 
алюмінію в отворах. Методи: анодування проводили в 0.3 М щавлевій кислоті з додаванням колоїдної 
системи вуглецевих наноточок та без них, температури процесів контролювалася на рівні 10 °C, 
використовували алюмінієву фольгу (анод) та платинову пластину (катод); товщина алюмінієвої фольги 
0.1 мкм; морфологію та структуру поверхні анодного оксиду алюмінію визначали за допомогою скануючого 
електронного мікроскопа; кут змочування між поверхнею анодної оксидної-мембрани та деіонізованою 
водою вимірювали за допомогою методики «краплі». Вміст кальцію контролювали кондуктометром. 
Концентрацію білків визначали спектрофотометрично (метод Лоурі). Встановлено, що кут змочування для 
деіонізованої води у точці дотику з поверхнею анодного оксиду алюмінію отриманого в електроліті 
«щавлева кислота-матеріал з вуглецевими наноточками» становить 38°. Додавання до кислого електроліту 
вуглецевих наноточок  діє як гідрофілізатор, змінює розмір пористої поверхні: в результаті можливо 
контролювати пористість плівок. Прожарювання мембрани анодного оксиду алюмінію при 500 °C 
приводить до розширення пор і стоншення їхніх стінок. 

Мембрану анодного оксиду алюмінію застосовано для діалізу молочної сироватки. Мембрана, отримана 
в електроліті «щавлева кислота-матеріал з вуглецевими наноточками», показала більшу ступінь відбиття 
білкових частинок в порівнянні з аналогічною мембраною, отриманою в електроліті щавлева кислота. 
Перевагою використання вуглецевих наноточок в електроліті є простота й екологічність синтезу. Підхід, 
який передбачає додавання колоїдної системи з вуглецевим матеріалом, дозволяє не використовувати 
сильнокислого електроліту для отримання мембран з порами меншого розміру. Одним із варіантів 
застосування отриманої анодної оксидної алюмінієвої-мембрани є діаліз біологічних рідин, наприклад, 
молочної сироватки. 

Ключові слова: анодований оксид алюмінію, вуглецеві наноточки, щавлева кислота, колоїдна система, 
електрохімічний синтез, діаліз 
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