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Abstract The cooperative effects of alkaline earth metal ions and EDTA (ethylenediamine tetraacetic acid) on the
corrosion inhibition of pure aluminum in 4 mol ‘L ™ KOH solution were investigated by hydrogen collection,
polarization curve and electrochemical impedance spectroscopy (EIS). It was found that aluminum exhibits minimum
corrosion rate in 4 mol - L™ KOH solution containing 0.02 mol-L™ EDTA, saturated Ca(OH), and saturated Sr(OH),.
EDAX analysis showed that alkaline earth metal ions and EDTA have no contribution to the formation of the surface
film on aluminum. Therefore the inhibition effect may be caused by the adsorption of the inhibitor on aluminum

surface. This fact indicates that these two ions act as interface inhibitors rather than inter-phase ones.

Keywords:

Aluminum seems to be a potentially attractive anode material
for electrochemical power sources with high energy densities"™,
due to its low atomic weight and ability to transfer three elec-
trons per atom, combined with high negative standard electrode
potential. In order to obtain high current density, it is advanta-
geous to use alkaline solution. However, aluminum undergoes a
parasitic corrosion reaction, resulting in the evolution of hydro-

gen and the decrease of the anode utilization. Earlier efforts

Pure aluminum, Alkaline solution, Corrosion, Alkaline earth metal, EDTA, Inhibitor

were made to modify the electrolytes by adding additives to
make the electrolytes less corrosive™®. A set of aliphatic and
aromatic aldehydes was examined for their effectiveness in pre-
venting the corrosion of aluminum alloy (2S) in 1 mol-L™ NaOH
solution and their influence on the anodic polarization behavior'™.
MacDonald et al." employed SnO3~, In(OH),, BiO;~, Ga(OH);,
MnOj", and binary combinations in alloys BDW (Al-1Mg-0.1
In-0.2Mn) and 21(Al-0.2Ga-0.1In-0.1Tl), and found that K;MnO,
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and Na,SnO;+In(OH); were effective inhibitor systems. It was
found that the addition of zinc oxide to alkaline solution signifi-
cantly reduced the corrosion of aluminum electrode®!. In the
efforts to decrease the corrosion rate of aluminum, it was also
found that calcium ions in combination with certain complexes
are helpful™ . In the present study the influences of alkaline
earth metal hydroxide alone and in combination with EDTA in 4
mol L™ KOH solution were investigated by means of hydrogen
collection, polarization curves and electrochemical impedance
spectroscopy, and the aluminum surface was subsequently

observed by SEM and analyzed by EDAX.

1 Experimental methods

Electrochemical measurements were carried out in a classical
three-electrode glass cell. The working electrode was made of
specpure aluminum rod, 6.35 mm in diameter. The electrode
surface was polished by 1000* waterproof abrasive paper, de-
greased in acetone and rinsed in deionized water. The counter
electrode was a platinum foil and the reference electrode was a
Hg/HgO electrode. All the solutions were prepared by reagents
of AR. grade and deionized water. The measurement system
consists of a potentiostat (EG&G model 273A) and a lock-in
amplifier (model 5210), controlled by a microcomputer with
certain software. The potentiodynamic polarization curves were
measured at a scanning rate of 1 mV +s~!

range from —2100 mV to —1000 mV (vs Hg/HgO). Electrochem-

and in the potential

ical impedance spectroscopy (EIS) was obtained in the frequen-
cy range of 100 kHz to 10 mHz and at a.c. signal amplitude of 5
mV. All the above measurements were taken at 25 C. Before
each measurement the electrode was kept in test solution for no
less than half an hour, during which a steady open circuit po-
tential was obtained. SEM and EDAX analyses were performed
with an FEI SIRION SEM system, before which the specimens
were kept immersed in the solutions for eight hours, then rinsed

in deionized water and dried in air.

2 Results and discussion

The corrosion current densities can be calculated by the re-
sults of hydrogen collection at OCP(open circuit potential), as
described in Ref.[14]. Table 1 shows the calculated corrosion
current densities and inhibition efficiencies of pure aluminum in
4 mol L~ KOH solution containing alkaline earth metal hy-

droxides and EDTA with different concentrations. In this solu-

tion, the alkaline earth metal ions are almost completely chelated
by EDTA, and the concentrations of free ions are low because of
the high concentration of OH". Therefore the total concentrations
of alkaline earth metal ions are almost equal to that of EDTA.
It can be seen from Table 1 that the current density is greatly
decreased by the addition of Ca(OH), and Sr(OH),, and their in-
hibition effects are further enhanced by the addition of EDTA,
while EDTA itself has only a little inhibition effect. When the
concentration of EDTA is 0.01 mol-L™, Ca(OH), and Sr(OH),
respectively show the largest effect. Saturated Ca(OH), is found
to show largest inhibition effect among alkaline earth metal hy-
droxides followed by other hydroxides in the order Ca(OH), >
Sr(OH), > Ba(OH), > Mg(OH),. And when added with 0.01
mol ‘L™ EDTA, they also follow the above order. It is believed
that the cooperative action of alkaline earth metal ions and EDTA
may be due to the formation of a chelate complex between
cations and EDTA™!. And the chelate complex might be physi-
cally adsorbed, with cations disposed towards the metal surface.
The results of the polarization curves show that the OCP
shifts to the positive direction in saturated Sr(OH),-containing

Table 1 The corrosion current densities and inhibition
efficiencies of pure aluminum in 4 mol-L™" KOH

with inhibitors calculated by hydrogen evolution

Electrolyte feon / (MA-cm™) 7 (%)
blank (4 mol-L™ KOH) 16.24 0.0
+ 0.001 mol-L™ EDTA 16.14 0.6
+ 0.005 mol-L™ EDTA 14.81 8.8
+ 0.01 mol-L™ EDTA 10.06 38.0
+ saturated Mg(OH), 15.48 4.7
+ saturated Ca(OH), 3.82 76.5
+ saturated Sr(OH), 4.88 70.0
+ saturated Ba(OH), 10.20 37.2
+ saturated Mg(OH), + 0.01 mol-L™" EDTA 8.97 44.8
+ saturated Ba(OH), + 0.01 mol-L™" EDTA 6.50 60.0
+ saturated Sr(OH), + 0.001 mol-L™" EDTA 4.68 71.2
+ saturated Sr(OH), + 0.005 mol-L™" EDTA 4.59 71.7
+ saturated Sr(OH), + 0.01 mol-L™ EDTA 3.94 75.7
+ saturated Sr(OH), + 0.02 mol-L™ EDTA 4.00 75.4
+ saturated Ca(OH), + 0.005 mol-L™ EDTA 3.41 79.0
+ saturated Ca(OH), + 0.01 mol-L™ EDTA 2.89 82.2
+ saturated Ca(OH), + 0.02 mol-L™ EDTA 3.08 81.0
+ saturated Ca(OH), + saturated Sr(OH), + 2.22 86.3

0.01 mol-L™ EDTA
+ saturated Ca(OH), +saturated Sr(OH), + 2.10 87.1
0.02 mol-L™" EDTA
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solution (Fig.1a), while it shifts to the negative direction in satu-
rated Ca(OH),-containing solution (Fig.1b). It can also be seen
from Fig.1a that both the anodic and cathodic processes of alu-
minum in the solution with saturated Sr(OH), are inhibited. But
with increasing concentration of EDTA, the inhibition effect on
the former is much greater than that on the latter. While in saturated
Ca(OH),-containing solution, with increasing the concentration of
EDTA, the inhibition effect on the latter is much greater than
that on the former. This indicates that most strontium-EDTA

chelate complexes may adsorb on the anodic active sites and the
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Fig.2 EIS of pure aluminum in 4 mol-L* KOH

solutions with or without additives

corrosion of pure aluminum in this solution is under anodic
control, while calcium-EDTA chelate complexes may adsorb on
the cathodic sites. Fig.lc indicates that the corrosion current
density can be further decreased when saturated Sr(OH), is added
to the saturated Ca(OH), containing solution, which can be attri-
buted to the adsorption of the chelate complexes on both anodic
active sites and cathodic active sites. The results of polarization
curves are in agreement with those obtained by hydrogen collec-
tion.

Fig.2 shows the EIS of aluminum in 4 mol -L™ KOH with
or without additives at open circuit potential. These EIS pat-
terns are similar, which indicates that the additives do not
change the reaction mechanism of aluminum in the alkaline so-
lution. The EIS patterns consist of three parts: a high-frequency
capacitive loop, a middle-frequency inductive loop and a low-
frequency capacitive loop. The high-frequency capacitive loop
is caused by a charge transfer resistance in parallel with a double-
layer capacitance. The inductive loop can be attributed to the
adsorbed intermediate, and the low-frequency loop may be due
to the growth and dissolution of the surface film"™*** ' It can be
found that the addition of saturated Sr(OH), or Ca(OH), and EDTA
increases the charge transfer resistance. As shown in Table 1,
the hydrogen evolution current density is greatly reduced in the
solution with them. The model for the essential features of the
electrode is represented by the electrical equivale nt circuit

1
Il

] c

Fig.3 The equivalent circuit model of the aluminum

electrode system
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Table 2 Some parameters fitted from the EIS in Fig.2

Solution R/ (Q-cm? 10°xCPE-Y(Q' -cm™®) CPE-n
blank(4 mol-L™ KOH) 3.31 7.0722 0.94051
+ 0.005 mol-L™" EDTA 3.12 8.2656 0.93615
+ saturated Sr(OH), 5.52 7.4631 0.93040
+ saturated Sr(OH), + 8.44 8.5048 0.92597

0.005 mol-L™' EDTA
+ saturated Ca(OH), + 12.18 15.621 0.89110

0.005 mol-L™" EDTA

shown in Fig.3, where R, is the total ohmic resistance of the
solution, CPE is the constant phase element related to the double
layer capacity, R, is charge transfer resistance of the electrode.
Table 2 shows some fitted parameters of EIS. The fitted data (R,
values) accord with the foregoing discussion.

After being kept immersed in 4 mol-L™ KOH solution with
additives for 8 h, the electrode surface was observed by SEM
and examined by EDAX. Only aluminum and oxygen were
detected by EDAX, with a ratio about 2:3, which indicated that
the passive film contained only ALOs. Alkaline earth metal was
not found to participate in forming film. This fact indicates that
alkaline earth metal ions-EDTA chelate complexes are interface
inhibitors rather than inter-phase ones and they may produce
inhibition effect by adsorbing on the active sites of aluminum

electrode.

3 Conclusions

The corrosion of aluminum in 4 mol L™ KOH solution can
be greatly inhibited by the addition of alkaline earth metal
hydroxides, and calcium hydroxide is found to give largest
inhibition effect. Their inhibition is enhanced by the addition of
EDTA, while EDTA itself has only a little inhibition effect. The
analyses on EIS and EDAX reveal that alkaline earth metal ions
and EDTA chelate complexes may produce the inhibition effect
on the corrosion of aluminum by adsorbing on the active sites of

aluminum surface.
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