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Corrosion inhibition of ammonium molybdate
for AA6061 alloy in NaCl solution and its
synergistic effect with calcium gluconate
Da Quan Zhang,a∗ Xing Jin,a Bin Xie,a Hyung Goun Joo,b Li Xin Gaoa

and Kang Yong Leeb∗

The corrosion inhibition of ammonium heltamolybdate (AH) and calcium gluconate (CG) for AA6061 alloy in 3% NaCl solution
was investigated by the electrochemical measurements. It indicates that AH inhibits the corrosion of AA6061 alloy and acts as
an anodic inhibitor. Maximum inhibition efficiency reaches 74.3% at the concentration of 1 × 10−4 mol.l−1 AH. The results of
the electrochemical studies reveal AH is physically adsorbed on the AA6061 alloy surface and the adsorption follows Langmuir
isotherm. The combination of AH and CG enhances the inhibition efficiency to 95.9%. The enhanced inhibition is attributed to
the promotion of AH adsorption by CG. The mixture of AH and CG is a mixed-type inhibitor and renders the corrosion potential
to more positive values. Copyright c© 2011 John Wiley & Sons, Ltd.
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Introduction

AA6061 alloy (Al–1 Mg–0.6Si) is a heat treatable Al–Mg–Si
alloy having an excellent formability.[1,2] It is widely used in the
automotive industry as the inner body panels and many structural
parts. However, the anticorrosion ability of aluminium alloys is poor
in acidic or alkalic solutions.[3] Even in neutral solution in which the
oxide film is stable, the presence of aggressive ions like Cl− ions
creates extensive localized attack.[4 – 7] When aluminium alloys are
used in a humid marine environment, they suffer pitting corrosion
and structural corrosion and eventually fail to function.[8] Datta
et al. [9] reported the susceptibility of pitting corrosion on AA6061
alloy is aggravated by Cl− ions. The Cl− ions act as a corrosion
reaction partner to form oxide-chloride soluble complexes.

In recent years, the corrosion inhibition of aluminium and its
alloys has been a subject of remarkable technological importance.
Several researchers[10,11] have studied the corrosion inhibition
of the AA6061 alloy in different mediums. Because hexavalent
chromium (Cr6+) is concerned with its toxic and carcinogenic
nature, the alternative of the chromate was broadly developed.[12]

Metikoš-Huković et al.[13] investigated an environmental friendly
alternative of N-aryl pyrroles. The results showed N-aryl pyrroles
can adsorb on the surface of aluminium alloys, which prevented
the adsorption of Cl− ions and slowed down the rate of corrosion.
Beccaria et al.[14] and Frignani et al.[15] reported the inhibitive
action of organosilane derivatives on aluminium corrosion in
NaCl solutions. Molybdates have also been tested extensively as
possible alternatives due to their passivation effect.[16] However,
unlike chromate, the molybdate ion is nonoxidizing and its
successful use requires the presence of either oxygen or other
oxidizing agents. The application of the molybdates is also limited
due to their large consumption and expensive costs.

Synergism has become an increasingly important phenomenon
and serves as the basis for most modern corrosion inhibiting
formulations.[17] It is a method to overcome the commercial

disadvantage of the large concentration requirements for an
expensive inhibitor. Calcium Gluconate (CG)[18,19] has been
described as an environmental friendly corrosion inhibitor in many
media. It is cheap and can eliminate the susceptibility to pitting
formation along with decreasing the general corrosion for steel.[20]

Rajendan et al.[21] had studied the synergistic effect of CG and Zn2+

on the inhibition of corrosion of mild steel in the neutral aqueous
environment containing 60 mg.l−1 Cl− ion. The absence of the
oxidizing ability in molybdate is an advantage for its admixing
with organic additives. However, there is no knowledge about
the synergistic effect between AH and CG for aluminium alloys
corrosion. The aim of this paper is to investigate the inhibition
effect of AH on AA6061 alloy in 3% NaCl solution. The corrosion
protection properties of AH and CG are examined by polarization
techniques and electrochemical impedance spectroscopy (EIS).
The synergistic effect of CG on the capability of AH has also
been studied in order to ascertain the specific mode in which the
compound exerts its inhibiting action.
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Experimental

Materials

The aluminium alloys employed for this present study were
AA6061-T6 alloy. The working electrodes (WEs) were prepared
from an aluminium board and sealed with epoxy resin with the
exposure area of 0.4 cm2. All the inhibitors and chemicals used in
the experiments were the analytical grade agents. The solution
was prepared with the deionized water.

Apparatus

Electrochemical measurements were performed in a three-
electrode cell using a Solartron 1287 Electrochemical Interface
coupled with a 1260 Impedance/Gain-Phase Analyzer. The
electrochemical impedance spectra and polarization curves
were recorded by the Zplot and Corrware software packages,
respectively. The data were analyzed by the ZsimpWin software.

Polarization curves and EIS measurements

A conventional three-electrode cell was used for the electro-
chemical measurements.[22] The cell was open to air and the
measurements were conducted at room temperature. The WEs
were mechanically polished with emery paper (#01, #04 and #06),
rinsed with deionized water, and degreased with ethanol. Platinum
foil was used as the counter electrode, and the saturated calomel
electrode (SCE) as a reference electrode. During the measurement,
the solution was not stirred or deaerated. All potential values were
reported in mV (SCE). The degreased WEs were then inserted into
3% (wt%) NaCl solution. Polarization studies were carried out in
the potential range ±300 mV versus corrosion potential (Ecorr) at
a scan rate of 1 mV.s−1. The EIS experiments were performed at
open circuit potential over a frequency range of 0.05–100 kHz.
The sinusoidal potential perturbation was 5 mV in amplitude.

Results and discussion

Polarization curves

Figure 1 is the anodic and cathodic polarization curves recorded
on the AA6061 alloy in 3% NaCl solution after 4 h immersion. The
inhibition efficiency (IE %) is calculated according to the following
formula:[23]

IE% =
(

icorr − icorr(inh)

icorr

)
× 100% (1)

Where icorr and icorr(inh) refer to corrosion current densities of
the AA6061 alloy in the absence and presence of the inhibitor,
respectively.

The electrochemical corrosion nature of aluminium alloys is
suggested, mainly comprised anodic dissolution of aluminium
and cathodic oxygen reduction. From Fig. 1, the anodic polariza-
tion curves exhibit Tafel-type behavior. The anodic dissolution
processes of the AA6061 alloys in the solution containing Cl− ions
are as follows:[24]

Al(s) + Cl−(aq) −−−→ AlCl(ads) + e− (2)

AlCl(ads) + Cl−(aq) −−−→ AlCl2 (ads) + e− (3)

AlCl2 (ads) + Cl−(aq) −−−→ AlCl3 (aq) + e− −−−→ Al3+
(aq)

+ 3Cl−(aq) + e− (4)

Figure 1. Polarization behavior for AA6061 alloy in 3% NaCl with
different concentrations of AH at 25 ◦C: (a) blank; (b) 1 × 10−5 mol.l−1 AH;
(c) 2.5 × 10−5 mol.l−1 AH; (d) 5 × 10−5 mol.l−1 AH; (f) 1 × 10−4 mol.l−1 AH.

Table 1. Electrochemical polarization parameters of AA6061 alloy
with and without AH at 25 ◦C

Inhibitor Icorr/µA·cm−2 Ecorr/mV IE/%

Blank 6.721 −808.6 –

1 × 10−5mol.l−1 AH 5.097 −782.7 24.2

2.5 × 10−5mol.l−1 AH 3.998 −782.3 40.5

5 × 10−5mol.l−1 AH 1.756 −749.4 73.9

1 × 10−4mol.l−1 AH 1.729 −738.3 74.3

The cathodic reaction is the reduction of oxygen to OH−,
according to the following equation:

O2 (aq) + 2H2O(l) + 4e− −−−→ 4OH−
(aq) (5)

The final corrosion products are formed by the hydrolysis of the
Al ions as follows:

Al3+
(aq) + H2O(l) ↔ Al(OH)2+ + H+

(aq) (6)

Al(OH)2+ + Cl−(aq) −−−→ Al(OH)Cl+ (7)

Al(OH)Cl+ + H2O −−−→ Al(OH)2Cl + H+ (8)

The total corrosion reaction of AA6061 in chloride solutions is
as follows:

4Al(s) + 4Cl−(aq) + 3O2(aq) + 6H2O(l) −−−→ 4Al(OH)2Cl + 4OH− (9)

Clearly, the presence of AH renders the corrosion potential (Ecorr)
positively moved. Particularly, the anodic reaction is suppressed to
a larger extent. It suggests that AH is an anodic inhibitor. Corrview
software based on Tafel calculation was used to determine
corrosion current density (icorr) and corrosion potentials (Ecorr).
Table 1 shows the electrochemical parameters of AA6061 alloy in
3% NaCl solution after 4 h immersion.

From Table 1, the corrosion current densities decreased with
the concentration of the inhibitor increasing. It shows that
the inhibition efficiency increases with the increasing of AH
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Figure 2. Polarization curves for AA6061 alloy with the different ratio of
AH and CG in 3% NaCl solution at 25 ◦C: (a) blank; (b) 5 × 10−5 mol.l−1 AH;
(c) AH : CG = 4 : 3; (d) AH : CG = 3 : 2; (g) AH : CG = 4 : 1 (h) 5 × 10−5 mol
·l−1CG.

concentration. The inhibition efficiency was 73.9% for 5 ×
10−5 mol.l−1 AH. A maximum inhibition efficiency of 74.3% was
observed when the concentration reaches 1 × 10−4 mol.l−1.

Anodic dissolution of AA6061 alloy leads to its pitting corrosion
in chloride solutions. AlCl3 goes into the solution, leaving
bare active sites, which are available for pitting attack. From
our research, molybdates improve the corrosion resistance of
aluminum by changing its corrosion potential to more noble
values. The interaction of molybdate anions with the passive film
on aluminum is still a matter of discussion. Generally, it is accepted
that the extensive MoO4

2− ions compete with Cl− ions to adsorb
on the aluminum surface. They form a protective film to retard
the attack of Cl− ions. On the other hand, MoO4

2− ions enter into
the pit holes and produce other molybdenium, which deposits
in the holes. It is suggested that molybdate is incorporated into
the film in a reduced state.[25] Breslin et al.[26] reported that in
molybdate-containing solutions, reduction of molybdate species
occurred at flawed regions in the passive film and slows down the
corrosion rate.

In order to overcome the commercial disadvantage of the large
concentration requirements for molybdate inhibitors, addition
of calcium gluconate provides the enhanced inhibition. Figure 2
shows the polarization curves for AA6061 alloy with the different
molar ratios of AH and CG. The total concentration of AH and
CG is set at 5 × 10−5 mol l−1. The electrochemical parameters are
presented in Table 2. Table 2 shows that the mixture of AH and CG
decreases the corrosion rate more than AH alone. The inhibition
efficiency was 91.5% at the molar ratio 3 : 2 of AH and CG. When the
ratio is 4 : 1, the inhibition efficiency reached 95.9%. This indicates
the synergistic effect between AH and CG.

Electrochemical Impedance Spectroscopy (EIS)

Figure 3 shows the Nyquist plots of AA6061 alloy in 3% NaCl
solution after 4 h immersion. Although a semicircle centered on
the real axis can be represented by an equivalent circuit consisting
of a capacitance and resistance in parallel corresponding to a single
time constant, a two-time constant model is usually employed
to interpret the EIS of AA6061 alloy in chloride solutions. The

Table 2. Electrochemical polarization parameters of AA6061 alloy in
3%NaCl solution with the different ratio of AH and CG at 25 ◦C

Inhibitor Icorr/µA·cm−2 Ecorr/mV IE/%

Blank 6.721 −808.6 –

5 × 10−5 mol·l−1 AH 1.756 −749.9 73.9

5 × 10−5 mol·l−1 CG 1.099 −808.2 83.6

AH : CG = 3 : 2 0.576 −795.4 91.5

AH : CG = 4 : 1 0.278 −733.1 95.9

Figure 3. Nyquist plots of AA6061 alloy in 3% NaCl with different
concentrations of AH at 25 ◦C: (a) blank; (b) 1 × 10−5 mol·l−1 AH; (c) 2.5 ×
10−5 mol·l−1 AH; (d) 5 × 10−5 mol·l−1 AH; (e) 1 × 10−4 mol·l−1 AH.

Figure 4. Equivalent circuits of electrochemical impedance of AA6061
alloy.

equivalent circuit with two time constants, due to the presence
of both passive and corroding regions on the surface, is shown in
Fig. 4. The passive regions refer to the oxide layer on aluminum,
while the corroding regions refer to the oxide layer breakdown.
RS is the electrolyte resistance. Cf and Rf can be attributed to the
capacitance and resistance of the passive surface, respectively. Cdl

and Rt are the capacitance and resistance of corroding regions.
The parameters obtained by fitting the equivalent circuit are listed
in Table 3.

The AA6061 electrode impedance in AH-containing solution
was higher compared with that in the blank solution. It is apparent
that AH has inhibition effect against AA6061 corrosion in 3%
NaCl solution. Cdl value is 11.97 µF·cm−2 at 10−4 mol·l−1 AH. This
indicates the AH adsorption on the metal/solution interface. A
decreased Cf value suggests the formation of a thicker passive film
on the AA6061 surface in the presence of AH.

wileyonlinelibrary.com/journal/sia Copyright c© 2011 John Wiley & Sons, Ltd. Surf. Interface Anal. 2012, 44, 78–83
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Table 3. EIS parameters of AA6061 alloy in 3% NaCl solution with and without AH at 25 ◦C

Inhibitor Cf /µF·cm−2 Rf /�·cm2 Rt/k�·cm2 Cdl/µF·cm−2

Blank 4.60 98.6 1.89 99.8

1 × 10−5 mol·l−1 AH 3.34 343.1 3.14 57.7

2.5 × 10−5 mol·l−1 AH 2.02 359.9 3.16 24.6

5 × 10−5 mol·l−1 AH 1.53 590.2 5.94 17.5

1 × 10−4 mol·l−1 AH 1.26 623.8 6.96 12.0

Figure 5. Nyquist plots of AA6061 alloy in the 3% NaCl with different ratio
of AH and CG at 25 ◦C: (a) blank; (b) 5 × 10−5 mol ·l−1 AH; (c) AH : CG = 3 : 2;
(d) AH: CG = 4 : 1; (e) 5 × 10−5 mol ·l−1 CG.

Figure 6. Fitting of Nyquist plots of AA6061 alloy with 5 × 10−5 mol ·l−1

CG at 25 ◦C: (a) measured curves; (b) fitting curves.

Figure 5 shows Nyquist plots of AA6061 alloy in 3% NaCl
solution with different ratios of AH and CG. EIS parameters are
shown in Table 4. Fitting curve by ZsimpWin is showed in Fig. 6.
A higher electrode impedance of AA6061 alloy was obtained
with the mixture inhibitor compared with AH alone. Corrosion
performances of AA6061 alloy depend on the composition of the
protective film. CG can incorporate into the molybdate protective
film and increase the thickness of the protection film. The increased
electrode impedance reveals that protection against chloride
attack is improved by CG added to AH. Hence, results obtained from
potentiodynamic polarization and impedance measurements are
in good agreement.

Adsorption isothermal

In general, inhibitors can function either by physical adsorption or
chemisorption on the metal surface. To obtain more information
about the interaction between AH and the AA6061 alloy surface,
different adsorption isotherms were tested. Among the most
frequently used adsorption isotherms, the Langmuir adsorption
isotherm exhibited the best fit to the experimental data. The
Langmuir adsorption isotherm is represented by Eqn (6) for
monolayer adsorptions:

c

θ
= c + 1

Kads
(10)

Where c is the concentration of an inhibitor in the electrolyte,
θ is the fractional coverage of metal surface, which is calculated
as Eqn (1), and Kads is the equilibrium constant for the adsorp-
tion/desorption process.

In Fig. 7, the proposed relation is plotted for the adsorption of
AH on the AA6061 alloy surface. It can be seen that the plot of C/θ
against C gives a straight line. The linear correlation coefficient R2

was 0.922 for AH.

Thermodynamic parameters

The equilibrium adsorption constant Kads obtained from the
Langmuir plot is about 1.1761 × 105 dm3·mol−1. It is related
to the standard free energy of adsorption (�G0

ads) according to
Eqn (11):

Kads = 1

55.5
exp

(
−�G0

ads

RT

)
(11)

The value 55.5 in the above equation is the molar concentration
of H2O in mol.l−1. R is the gas constant and T is the temperature.
The standard free energy of adsorption (�G0

ads) can be calculated
to be −16.89 kJ·mol−1. The negative value of �G0

ads ensures the
spontaneity of the adsorption process. Generally, values of �G0

ads

around −20 kJ·mol−1 or lower are consistent with a physical
adsorption.[27] This indicates that the adsorption of AH on the
AA6061 alloy surface is physical adsorption.

In order to calculate the activation energy of AA6061 alloy in
the absence and presence of AH solution, the Arrhenius equation
is used as following:

Icorr = A exp(−Ea/2.303RT) (12)

Where, Ea is the activation energy of corrosion reaction, A is
the pre-exponential factor or simply the prefactor and R is the gas
constant. The Arrhenius equation is shown in the natural logarithm
form as Eqn (13):

ln Icorr = −Ea

RT
+ ln A (13)
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Table 4. EIS parameters of AA6061 alloy in 3% NaCl solution with different ratios of the AH and CG at 25 ◦C

Inhibitor Cf /µF·cm−2 Rf /�·cm2 Rt/k�·cm2 Cdl/µF·cm−2 Error (%)

Blank 4.60 98.6 1.89 99.83 8.81

5 × 10−5 mol·l−1 AH 1.53 590.2 5.94 17.53 11.14

5 × 10−5 mol·l−1 CG 9.52 573.6 3.49 7.31 11.82

AH : CG = 3 : 2 6.83 1122.0 39.39 19.01 16.46

AH : CG = 4 : 1 1.04 1305.0 59.90 21.54 18.31

Figure 7. Curves fitting of AH adsorption on AA6061 alloy surface in 3%
NaCl solution by Langmuir isotherm.

Figure 8. Polarization curves of the AA6061 alloy in 3% NaCl solution
containing 5 × 10−5 mol.l−1 AH at different temperatures: (a) 25 ◦C;
(b) 35 ◦C; (c) 45 ◦C.

When a reaction has a rate constant which obeys the Arrhenius
equation, a plot of ln(Icorr) versus T−1 gives a straight line, which
slope and intercept can be used to determine Ea and A. The
polarization curves were shown in Fig. 8. Figure 9 shows the typical
fitting results. The calculated activation energies (Ea) are given in
Table 5. The Ea values are 50.31 kJ·mol−1 and 51.24 kJ·mol−1 for
the blank solution, and for 5 × 10−5 mol·l−1 AH, respectively.
The activation energy is 61.86 kJ·mol−1 for the combination of
AH and CG at the ratio of 3 : 2. This indicates that there is an
increased stability of AH adsorption due to the addition of CG. The
combination of AH and CG makes the dissolution of AA6061 alloy
is more difficult in the chloride solution.

Figure 9. ln Icorr versus 1/T plots of AA6061 alloy in 3% NaCl solution:
(a) blank; (b) 5 × 10−5 mol·l−1 AH; (c) AH : CG = 3 : 2.

Table 5. Corrosion current values and corrosion activation energy
(Ea) of AA6061 alloy in 3% NaCl solution

I(µA·cm−2)

Inhibitor 298 K 308 K 318 K Ea(kJ·mol−1)

Blank 6.721 10.305 24.225 50.31

5 × 10−5 mol·l−1 AH 1.756 6.207 6.362 51.24

AH : CGl = 3 : 2 0.575 0.594 2.812 61.86

Conclusion

Ammonium Heltamolybdate (AH) shows inhibition property for
AA6061 alloy corrosion in 3% NaCl solution. It renders Ecorr

more positive and suppresses the anodic process of AA6061
alloy corrosion. The inhibition efficiency of AH increases with the
increasing of its concentration. The adsorption of AH on AA6061
alloy surface is physical adsorption and follows the Langmuir’s
adsorption isotherm. The combination of AH with the Calcium
Gluconate (CG) enhances the inhibition efficiency and shows a
synergistic effect. At the total concentration of 5 × 10−5 mol.l−1,
the inhibition efficiency of the complex inhibitors reached 95.9%
at the optimum ratio 4 : 1 of AH/CG. The enhanced inhibition can
be attributed to the promotion of AH adsorption by CG.
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