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Abstract

The electrochemical and surface properties of aluminium in 0.05 M citric acid solutions of pH 2-8 were studied by
means of open circuit potential (OCP), potentiodynamic polarization and potentiostatic current—time transient
measurements. The OCP reached a steady-state value very slowly, probably due to the slow rate of detachment of
surface complexes into the solution. Aluminium exhibits passive behaviour in citric acid solutions of pH 4-8. Tafel
slopes b, were characteristic for hydrogen evolution on aluminium covered by an oxide film. The corrosion kinetic
parameters E.., icorr and b, suggest that surface processes are involved in the dissolution kinetics, especially in the
pH range 3-6. Current-time transient measurements confirm that, in citric acid solutions of pH 3-6, the dissolution
is controlled by surface processes, that is, by the rate of detachment of surface complexes, while in solutions of
pH 2, 7 and 8 dissolution is under mass-transport control. The addition of fluoride ions to citric acid changes the
controlling steps of the dissolution process. Citrate and fluoride ions compete for adsorption sites at the oxide

surface, and adsorption of these ions is a competitive and reversible adsorption.

1. Introduction

Aluminium and its alloys has attracted many investiga-
tions of its electrochemical and other properties in
different electrolytes: salts, alkalis and acids [1-7], due to
its widespread industrial applications. In some applica-
tions (e.g., in the food industry) aluminium is in contact
with citric acid or citrate ions from the foods. However,
no systematic study of the electrochemical and/or
surface properties of aluminium in citric acid or citrate
solutions has been found in the literature. A few papers
deal with some aspects of behaviour of aluminium or
aluminium alloys, mainly corrosion, in contact with
citric acid or citrate ions [8—12]. The corrosion rate of
aluminium or aluminium alloys in acidic and neutral
solutions of citric acid or citrate of pH range 3-7 is very
small and does not significantly change within this pH
range, but increases greatly in solutions of higher pH. It
was also reported that citrate ions from the bulk
solution may be adsorbed at the oxide-solution interface
forming surface complexes, thus markedly influencing
the dissolution kinetics of aluminium [12].

The aim of the present work was to study the
electrochemical and surface properties of a high purity
(99.999%) aluminium electrode in 0.05 M citric acid
solutions with pH in the range 2-8. The techniques used
are open circuit potential (OCP) measurements, poten-
tiodynamic polarization and potentiostatic current—time

transients. The measurements are performed using
stationary and rotating disc electrodes. The kinetics
and mechanism of the electrochemical processes on
aluminium covered by a thin oxide film, at different pHs
in citric acid solutions, are investigated.

2. Experimental details

The aluminium sample selected for the study was of high
purity (99.999%, AlISN). Prior to each electrochemical
experiment, the electrode surface was mechanically
polished with emery paper (from 400 to 1200 grade)
and then polished up to a mirror finish using a water
suspension of 0.3 um-Al,O; powder. The electrode was
then thoroughly rinsed with doubly distilled water. In all
measurements the counter electrode was a platinum
gauze and the reference clectrode was a saturated
calomel electrode (SCE), connected to a Luggin capil-
lary filled with the working solution. All measured
potentials are referred to the SCE.

The measurements were carried out in a standard
water-jacketed electrochemical cell (Metrohm), connect-
ed to a constant temperature circulator. The measure-
ments were performed at 25 °C.

The measurements were performed in 0.05 M citric
acid solutions of different pHs (2, 3, 4, 5, 6, 7 and 8).
The pH value of the initial stock solution of 0.05 M citric
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acid (pH 2.3) was adjusted to the appropriate pH value
by the addition of small amounts of concentrated
NaOH (for solutions of pH 3 to 8) or very small
amounts of concentrated HCIO4 (for a solution of
pH 2). All solutions were prepared from analytical
grade chemicals and doubly distilled water. The solu-
tions used in electrochemical measurements were deaer-
ated by pure argon before and during the measurements.
Electrochemical measurements were performed using
an EG&G PARC model 273A potentiostat/galvanostat,
remotely controlled by the computer with appropriate
software. Measurements with a rotating disc electrode
were made using an EG&G PARC model 636 electrode
rotator system. For the OCP against time measure-
ments, the microprocessor mV-meter Iskra MA 5740
connected with printer Iskra MA 9154 was used.

3. Results and discussion
3.1. OCP measurements

The aluminium electrode was immersed in the deaerated
citric acid solution and the variation of the OCP with
time was recorded until a steady-state value was
reached. The observed OCP-time behaviour of the
aluminium electrode was generally similar in citric acid
solutions of pH 2, 3, 4, 5, 6 and 7, but was different for
pH 8. In Figure 1 examples of OCP-time curves, which
illustrate both types of behaviour are shown.

The results for citric acid solutions of pH range 2
to 7 generally show the following: (i) the OCP values
changed continuously for a long period (more rapidly
during the first several hours) and reached a steady value
very slowly, and (ii) there were considerable changes in
the OCP between the initial and steady-state values
(reaching several hundreds millivolts). Both these results
indicate significant changes of the surface oxide film
during the immersion time. Similar results were reported
for aluminium in acetate solutions and in mixtures of
acetate and oxalate [2, 3], for Al-7075 alloy in oxalate
solutions [13], and for AI-3003 and AI-5052 alloys in
citrate and acetate buffer solutions [9]. It was suggested
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Fig. 1. Open circuit potential (OCP) vs time measurements for
aluminium electrode in 0.05 M citric acid solutions of different pH:
(a) 2, (b) 4, (c) 6 and (d) 8.

[3, 13] that specific adsorption of oxalate ions and the
formation of strong surface complexes play an impor-
tant role in Al and Al-alloy corrosion in oxalate. The
detachment of surface Al-oxalate complexes was pro-
posed as the rate determining step [3]. Similar results for
dissolution kinetics of an oxide covered aluminium
electrode were observed in solutions containing other
strong complexing organic ligands [12]. The detachment
of Al-surface complexes into the solution is usually a
very slow process [12, 14-16]. Also, there is, during
immersion, an ongoing surface oxide transformation
process, that is, oxide film growth and ageing of the
aluminium oxide film. Therefore, in solutions of citric
acid in the pH range 2-7, the very slow reaching of
steady-state OCP of aluminium electrode means that
besides the electrochemical process, surface coordina-
tion processes also play an important role.

The shape of the potential-time curves observed in the
solution of citric acid pH 8, is quite different from those
recorded in solutions of pH 2 to 7. The initial rapid
negative shift of potential in a relatively short time and
reaching of steady-state value of potential after about
20 h of immersion may indicate relatively strong disso-
lution of preimmersion oxide and passive film formed at
OCP, and/or the metal dissolution at sites with struc-
tural flaws in the oxide film.

3.2. Polarization measurements

3.2.1. Polarization measurements in wide potential region
After the OCP measurements the potentiodynamic
polarization of aluminium electrode was performed
from the region of hydrogen evolution (—1.5 V) to the
anodic potential limit of 1.5V, with a scan rate of
1 mV s~ It was shown that the profiles of polarization
curves depend on the immersion time.

The effect of the immersion time at the OCP on the
shape of polarization curves in citric acid solution of
pH 6 is shown in Figure 2. These curves represent
behaviour observed in solutions of citric acid in the pH
range 4-7. The shape of the curves confirms the valve
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Fig. 2. Potentiodynamic polarization curves for aluminium electrode
obtained after different immersion times at the OCP in 0.05 M citric
acid solution of pH 6. Immersion time: (a) 0.5, (b) 5 and (c) 50 h. Scan
rate, v=1mV s



behaviour of aluminium, that is, the rectification mech-
anism of electron transfer reaction (blocked anodic, but
not cathodic electron transfer). There was a small and
practically constant anodic current between 0.0 V and
1.5 V, indicating the passive behaviour of the aluminium
electrode (i.e., existence of an oxide layer on the
electrode surface). The film formed on aluminium
during anodic polarization in citric acid or citrate
solutions is a thin barrier-type oxide film [17, 18].

An analysis of the polarization plots indicates that the
passivation current decreases with increase in immersion
time. As the current established during the oxide film
formation process is a measure of the protective
capability of the oxide, its decrease with increase of
the immersion time is due to the thickening of the oxide
film layer, and/or the ordering of the oxide film
structure. It was thus observed that increase of the
immersion time was favourable to the formation of a
more resistive film and leads to more stable current—
voltage shapes.

The effect of pH on the shape of potentiodynamic
polarization curves of aluminium is shown in Figure 3.
Three different types of curve are observed. In a citric
acid solution of pH 6 the aluminium electrode shows
typical passive behaviour, due to the formation of a thin
barrier-type passive film. Similar behaviour, as in a
solution of pH 6, was also observed in citric acid
solutions of pH 4, 5 and 7.

In a solution of citric acid pH 8, the curve shape
indicates that the relatively strong dissolution of oxide
film coexists with the passivation process (strong oscil-
lation of current during the anodic polarization). In a
solution of citric acid pH 2 there was no additional
passive film formation during the anodic polarization.
Strong dissolution of the preimmersion oxide air-formed
film and the film-destroying effect, probably due to the
high concentration of H' ions, prevents formation of
the passive film during anodization [19], and a break-
down of the passivity and/or strongly local metal
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Fig. 3. Potentiodynamic polarization curves for aluminium electrode
obtained after 50 h of immersion at the OCP in 0.05 M citric acid
solutions of different pH values: (a) 8, (b) 6 and (c) 2. Scan rate,
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Fig. 4. Tafel plots for aluminium electrode obtained after 50 h of
immersion at the OCP in 0.05 M citric acid solutions of different pH
values: (a) 2, (b) 4 and (c) pH 6. Scan rate, v=1mV s ".

dissolution occur. Very similar behaviour was also
observed in citric acid of pH 3.

3.2.2. Polarization measurements in Tafel region

After the steady-state OCP value was reached
(Figure 1), the aluminium electrode was polarized by
the potentiodynamic method with a scan rate of
1 mV s, beginning the scan at —250 mV vs E,, and
scanning continuously to +200 mV vs E_,,,, that is, in
the so-called Tafel region.

All the potentiodynamic polarization curves have
similar shapes, and examples are shown in Figure 4. The
corrosion kinetic parameters E.or, licorr, De and by,
determined from polarization curves in the Tafel region
by the use of PARCalc™ numerical analysis program
[20], are summarized in Table 1.

The values of corrosion potential (E.o,,) of aluminium
electrodes shift negatively with increase in pH
(Figure 5). On the E_.,., vs pH curve, three different
regions are observed. In the pH range 2-3, there is a very
small change in E.... Because in the pH range 2-3 the
concentration of H ions is sufficiently high and oxygen
is eliminated from solutions, the dissolution of alumin-
ium in this pH region is under the control of electro-
chemical processes. This means that the main cathodic
process is a reduction of H" ions and the evolution of
hydrogen, and the main anodic process is the dissolution
of aluminium in the form of AI’** aqueous complexes.

Table 1. Corrosion kinetic parameters FEcorr, lcorr, be and b, for
aluminium electrode in 0.05 M citric acid solutions of different pH
values, determined from the Tafel plots

pH ECOFI‘ iCOrl' bC b'd
/v JuA cm™  /mV /mV

2 —0.700 0.91 —205 113
3 —0.720 0.73 —235 115
4 —0.792 0.57 —263 127
5 —0.849 0.45 —256 140
6 —0.900 0.89 —214 144
7 —1.091 2.01 —165 290
8 —1.411 27.69 —140 343
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Fig. 5. Dependence of corrosion potentials (E.;) and corrosion
current densities (icorr) Of aluminium electrode, determined from Tafel
plots, on the pH values of 0.05 M citric acid solutions.

E ..+ against pH behaviour in the pH region 6-8 was
characterized by a strong negative shift of E.., with
increase in pH. At the same time, the corrosion current
density (icorr) increased significantly with increase in pH
(Table 1, Figure 5), especially in solution of pH 8. Thus
the dissolution of aluminium increases significantly from
pH 6 to 8, especially from pH 7 to 8. Such behaviour is
in agreement with the fact that aluminium dissolves
relatively strongly at these pH values as aluminate A1O;
or AI(OH)s ion [1]. It seems that the electrochemical
corrosion mechanism (evolution of hydrogen, dissolu-
tion of aluminium as aluminate ion) proceedes in this
pH range, especially at pH 8.

Indicative E.,,, against pH behaviour was observed in
solutions of citric acid in the pH range 3-6, where E,,
changes linearly with pH, and the slope of the E.g,.
against pH curve was —59.7 mV per unit pH. This
behaviour can be explained as follows.

In aqueous solutions Al-oxide surface is significantly
hydrated. The hydration of aluminium-oxygen bonds on
the oxide film leads to the formation of surface -OH
groups. Subsequent amphoteric dissociation of —OH
groups leads to the development of a charge on the
oxide surface [21, 22]. Therefore, an acid-base equilib-
rium is established on the surface with a characteristic
pH of zero charge (pHp,.), which controls the surface
charge and the surface processes (e.g., adsorption) on an
oxide covered Al-electrode. Very different data have
been reported concerning the pH,,. for different alu-
minium oxides and hydroxides and metallic aluminium
(most of the reported values lie between pH 7-9) [23].
Therefore, at pH lower than 7-9 the aluminium surface
probably has a net positive charge (due to adsorption of
H" ions ~OHJ surface sites are formed), and anions are
attracted to the surface and may be adsorbed. This
adsorption may be electrostatic and/or chemical in
nature (surface complexation and/or ligand exchange
reactions [14-16]). Interaction between surface and
anions, that is, surface reactions, may also occur on
neutral surface sites, that is, at —OH groups (e.g.,
chemisorption and/or ligand exchange reactions [14—
16]).

In citric acid solution the possible surface complexing
ligands are H,Cit™, HCit*™ and Cit>~ species. The
amount of these ligands in solution depends on the pH
(e.g., in solution of citric acid of pH 6 prevailed HCit*~
species). Therefore, on an aluminium oxide surface in
contact with citric acid solutions, a number of different
surface coordination reactions occur, which result in a
number of different aluminium-citrate and/or alumini-
um-hydroxo-citrate surface species. The nature and the
structure of these surface complexes is practically
unknown, although some authors [24, 25] have reported
a possible two six-membered chelate ring structure of
surface Al-citrate complexes. Also, some authors have
confirmed by surface analysis techniques, for example,
by Auger electron spectroscopy (AES) [26] and glow
discharge optical emission spectroscopy (GDOES) [18],
that citrate anions are adsorbed on the oxide surface and
incorporated into the structure of the oxide film during
the anodic oxidation of aluminium in citric acid and/or
citrate solutions.

We can only speculate about the possible structure
and composition of the surface complexes at the
aluminium oxide/citric acid interface. However, the
general principle of possible surface coordination reac-
tions [12, 14-16], which occur at aluminium oxide
surfaces in solutions of citric acid of pH range 3-6, can
be illustrated by the possible surface reactions in
solution of pH 6:

> Al-OHJ 4 HCit*” = > AIHCit™ + H,0 (1)
> Al-OH + HCit>~ = > AIHCit™ + OH" (2)

Therefore, the observed characteristic E.,,, against pH
behaviour in the pH range 3—6 probably reflects an acid—
base equilibrium established at aluminium oxide covered
electrodes and the surface coordination processes. It
seems that in solutions of citric acid of pH 3-6, the
different surface coordination processes play an impor-
tant role in the dissolution kinetics.

From the polarization curves, the kinetic parameters
of the corrosion process mechanism, b. and b,, were
examined (Table 1). The polarization experiments were
performed in argon-deaerated solutions to eliminate the
influence of oxygen electroreduction on the curves. Thus
the cathodic process occurring at the Al-oxide/citrate
solution interface was hydrogen evolution. Table 1.
shows that the cathodic Tafel slopes (b.) are much
greater than that expected for H, evolution according to
the Volmer—Tafel mechanism [27] (-118 mV (decade)™!
at 298 K). Such anomalously large cathodic Tafel slopes
are not unexpected for aluminium, and have previously
been reported for H, evolution reaction on Al oxide-
covered electrodes [2-5, 9, 28, 29]. The presence of
the oxide film can markedly influence the surface
reduction process, by affecting the energetics of the
reaction at the double layer, or by imposing a barrier to
charge transfer through the oxide film, or both.



The anodic Tafel slopes (b,) are much greater than the
expected 40 mV (decade)™' corresponding to the uni-
form anodic dissolution of aluminium via hydrated
AP" ions. The observed b, values (Table 1) are in
agreement with the b, values reported for an Al oxide-
covered electrode [2-5], which clearly indicates the
presence and growth of a passive oxide film. However,
the b, greater than those for the simple aluminium
dissolution mechanism (Al — AI** + 3e™), can also be
attributed to the participation of some side reactions
(e.g., surface coordination reactions) in anodic oxide
film growth.

The corrosion current densities (i) are presented in
Figure 5 and Table 1. As can be seen in Figure 5, the
icorr Values are very small, except in citric acid of pH 8.
In solutions of pH range 3-6 some kind of ‘dissolution
current plateau’ is observed. This behaviour can be
explained as follows. The dissolution (solubility) of
aluminium, Al-hydroxide and various forms of Al oxide
in water and noncomplexing solutions is very small, and
the minimum solubility of the Al oxides and Al
hydroxide is clearly expressed at pH 5 [1]. However, in
aqueous complex-forming solutions (e.g., citrate, oxa-
late, salicylate) the minimum solubility is not so well
expressed; a ‘plateau of dissolution’ is observed at some
pH range [14, 30], and the dissolution is controlled by
surface complexation reactions [12, 14—16]. It seems that
dissolution of aluminium in citric acid in the pH range
3-6 also proceedes by the same mechanism.

3.3. Measurements with rotating disc electrode

Dissolution current density (i) against time (¢) measure-
ments for an aluminium rotating disc electrode on the
potentiostatically controlled potential (E) in citric acid
solutions of pH range 2-8 were performed. The poten-
tials chosen for measurements were the E.,. values of
each citric acid solution (Table 1). The electrode was
polarized potentiostatically at a corresponding potential
at ¢ = 0 until the steady-state dissolution current density
(iss) was reached.

All the current—time transients have similar shapes, an
example is shown in Figure 6. The decrease of current
density with time probably reflects a barrier oxide film
formation and/or the ordering of the oxide film struc-
ture.

The current—time measurements were performed at
different rotation rates of the Al-disc electrode (0-
2500 rpm) in citric acid in the pH range 2-8. As can be
seen in Figure 7, in the pH range 3-6, ii, does not
depend on the transport parameter (rotation rate of the
disc), which is typical of a surface reaction controlled
dissolution process. In citric acid of pH 2 and 7, and
especially in solution of pH 8, i increases linearly with
rotation rate. This linear dependence is characteristic of
a mass-transport controlled dissolution process [12].

To study the influence of other anions (e.g., fluoride
ions) on the dissolution kinetics of aluminium in citric
acid, an experiment with successive additions of fluoride
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electrode recorded at constant electrode potential (£ = —0.9 V) in
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Fig. 7. Influence of angular velocity (w) of the aluminium disc
electrode on the steady-state dissolution current densities (is), ob-
tained from potentiostatic current—time transients recorded at constant
electrode potentials (corresponded E.. values) in 0.05 M citric acid
solutions of different pH values.

in citric acid of pH 6 was performed (Figure 8). On
addition of fluoride to the citric acid solution, the
dissolution current density increased significantly. After
the first fluoride addition the steady-state reached very
slowly, but subsequent additions of fluoride caused
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Fig. 8. Influence of successive additions of fluoride and citrate ions on
the current—time transients, recorded at constant electrode potential
(E=-09V), for aluminium disc electrode in 0.05 M citric acid
solution of pH 6. Rotation rate 2000 rpm.
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abrupt increase in the dissolution current and the
relaxation time was shorter. The steady-state dissolution
current density was proportional to the fluoride bulk
concentration.

The addition of citrate to the fluoride-contained
solution decreased the dissolution current (Figure 8).
This decrease was proportional to the concentration of
added citrate ions. The steady-state was reached rapidly
(relaxation time is very short). The concentration step
experiments (Figure 8) were very reproducible and
controlled by the mixing of solution (rotation rate of
the disc).

These results can be interpreted in terms of competi-
tive and reversible adsorption between fluoride and
HCit>~ ions (prevailed citrate species in solution of
pH 6):

> AIHCit™ +xF~ 2 > AIFL + HCit>

pra—
fast

kcit | slow kp- | fast (3)

AIHCit" (aq) AIF3™(aq)
where k¢ is much less than kg- [12, 14-16].

The addition of fluoride to citric acid changes the
controlling steps of the dissolution process. As can be
seen in Figure 9, in solution of ‘pure’ citric acid of pH 6
dissolution is controlled by a surface processes. In
fluoride-contained citric acid solution of pH 6 the
dissolution is under mixed control, that is, the dissolu-
tion process is controlled by mass transport of fluoride
ions to the oxide/solution interface and by the surface
processes.

4. Conclusions

The electrochemical and surface properties of alumi-
nium in 0.05 M citric acid solutions of pH 2-8 were

(d)
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Fig. 9. Influence of angular velocity (w) of the aluminium disc
electrode on the steady-state dissolution current densities (iss), ob-
tained from potentiostatic current—time transients recorded at constant
electrode potential (E= —0.9 V) in different citric acid + fluoride
solutions of pH 6: (a) 0.05 M citric acid, (b) 0.05 M citric acid + 2 X
1073 M fluoride, (c) 0.25 M citric acid + 2 x 107> M fluoride.

studied by means of open circuit potential (OCP),
potentiodynamic polarization and potentiostatically
controlled current—time transient measurements.

The results show that the OCP reached a steady-state
value very slowly, probably due to the slow rate of
detachment of surface complexes into the solution.
Potentiodynamic polarization measurements show that
aluminium exhibits passive behaviour in citric acid
solutions of pH 4-8, due to the formation of a thin
barrier-type of passive oxide film. Polarization curves
give cathodic Tafel slopes (b.) characteristic for hydro-
gen evolution on oxide-film covered aluminium. The
values of corrosion kinetic parameters E.y;, icorr and
anodic Tafel slopes (b,), especially in the solution of
pH 3-6, suggest that surface processes are probably
involved in the dissolution kinetics of aluminium.
Measurements with a rotating disc electrode show that
in citric acid solutions of pH 2, 7, and 8 the dissolution
process is controlled by mass transport, while in
solutions of pH 3-6, the dissolution of aluminium is
controlled by surface reactions (adsorption, surface
complexation). Adsorption of electrolyte anions on the
hydrated aluminium oxide covered electrode is competi-
tive and reversible. There is a competition between the
citrate and fluoride ions from the bulk solution for
adsorption sites at the oxide surface, and the extent of
adsorption of these anions depends on their specific
affinity for the surface aluminium atoms in the oxide
film and on the concentration of free anions in the bulk
solution.
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