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INTRODUCTION

Aluminum is one of the most effective and economical
substrate for cathodic protection of steel due to its high current
capacity, low density, inherent negative potential and reason-
able cost [1-3]. However, pure Al supports nano range protective
oxide film, which knock out it as impractical in marine condi-
tions. The alloying elements like Ga, Ce, Hg, La, Se and Zn
shifts open circuit potential (OCP) from –1.18 to –1.10 V versus
saturated calomel electrode (SCE), an operating potential from
–1.12 to –1.05 V versus SCE, a current efficiency of more than
85%, and an anode capacity of more than 2600 h Kg-1 [4-8],
causing so-called activation of Al alloy sacrificial anode. Most
of the works in the field were carried out on Al-rich Zn sacri-
ficial anode where Zn destabilize the Al2O3 layer due to the
formation of ZnAl2O4 spinel, and the concentration of Zn has
been optimized to 5 wt.% due to enhancement in physico-
chemical and galvanic characteristics by forming of β-phase
[9]. Hence, the aluminium-zinc alloys were considered for this
study as well.

The increased demand from industries for aluminium
sacrificial anode having better galvanic and metallurgical perfor-
mance has initiated the search for new aluminium metal matrix
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composites (MMCs) anode. Recent developments in this field
were the incorporation of solid ceramic composites particles
into the metal matrix. Discontinuously reinforced aluminum
metal matrix composites exhibits blending properties of both
composites and matrix led to significant enhancement in the
physico-chemical and galvanic properties [10]. The incorp-
oration of metal composites can also modifies boundaries of
grains, preventing deterioration along the grain boundaries.
The inclusion of CeO2, SiO2, ZrO2 and TiO2 in the Al matrix
can effectively suppress the non-columbic metal loss leading to
considerable improvement in galvanic characteristics [11-13].

Recently, it was reported that the incorporation of compo-
sites in Al-Zn alloy sacrificial anode cause local thinning of
passive Al2O3 layer which in-turn activate the sacrificial anode
[14]. Within the category of metal oxides, manganese dioxide
based systems are presently receiving considerable attention
from the scientific community [15]. The popularity of MnO2

can be attributed to its unique combination of physico-chemical
and electrochemical properties, such as a relatively high density
and purity and the spectrum of possible discharge rates maint-
ainable for prolonged periods of time [16,17]. The wide range
of technological applications of manganese dioxide includes
catalysis, ion exchange, molecular adsorption, biosensors and
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particularly in energy storages [18-21]. Microsized MnO2 inclu-
sion into aluminium substantially enhances physico-chemical
and metallurgical properties [22]. Incorporation of MnO2 could
also led to considerable enhancement in mechanical and struc-
tural features of the alloy [23,24]. The present study design to
investigate and valuates the activator characteristics of nano
MnO2 for the effective sacrificial dissolution of Al-Zn anode.

EXPERIMENTAL

Synthesis of nano MnO2: Nanosized manganese dioxide
was prepared by anodic electrodeposition method [25]. The
cell used for electrodeposition was based on a temperature
controlled 2 L glass beaker in which two titanium sheets (25
cm2) were used as the anode substrate, and three similarly sized
copper sheets were used as the cathode substrate. The elect-
rodes were arranged alternately so that each anode was surrou-
nded on both sides by a cathode. The electrolyte was an aqueous
mixture ranging from 0.05 to 0.5 M MnSO4 and 0.01 to 1.0 M
H2SO4 maintained at an elevated temperature (90-99 ºC).
Electrodeposition of MnO2 was conducted with an anodic
current density within the range 10-100 A m-2. The overall
process was carried out for three days, during that time the
electrolyte Mn2+ concentration was of course depleted, while
H+ concentration increased. To counteract this, and hence
maintain a constant electrolyte composition over the duration
of the deposition, a concentrated (1.5 M) MnSO4 solution was
added continually at a suitable rate to replenish Mn2+ and dilute
any excess H2SO4 added. After the deposition was complete,
the solid manganese dioxide deposit was mechanically removed
from the anode.

Characterization of nano MnO2: The particle size charac-
terization was carried out by X-ray diffraction analysis (Philips
X′ Pert MPD X-ray powder diffractometer using CuKα (λ =
1.540 Å) and was further confirmed by TEM using 2000 Fx-11,
Transition Electron Microscope, JEOL, Japan. HR-TEM micro-
graphs were obtained with a Hitachi Hf-2000 FE-TEM instru-
ment equipped with a Kevex energy dispersive X-ray detector
operated at 200 kV. Particle size analyzer Shimadzu SALD-
2300 was used for particle size profile.

Anode molding: Commercial grade Al (99.75 %) and
Zn (99.05 %) rods were explored to molding Al -Zn sacrificial
anode. This combination of Al and Zn forms a homogeneous
solid solution with uniform grain size and grain boundaries
throughout the entire crystal lattice. The alloy ingots were cut,
weighed and melted in a graphite crucible, kept in muffle
furnace at 710 ± 10 ºC. Different amounts of nano MnO2 particles
were added into the melt and stirred using a SiC rod to homo-
genize it. The melt was again kept in muffle furnace for 15 min
at the same temperature and then poured in to a preheated
graphite die of dimension 5.5 cm × 3.5 cm × 0.5 cm.

Microstructural evaluation: Metallurgical characteri-
zations of the anodes were carried out using Hitachi S- 2400
scanning electron instrument. The samples were cut from the
center of the bulk of the fabricated sacrificial anode surface.
They were clearly well ground and serially polished up to 600
grits using SiC paper and then mirror polished sequentially
with 0.1 µm and 0.05 µm Al2O3 slurry.

Electrochemical evaluation

Decay of OCP: A fixed area of the anode was exposed in
electrolyte and a copper wire was connected to make electrical
contact. The electrode-electrolyte interface can be studied in
terms fluctuations in OCP shift for a time period of 60 days.
All the samples were dipped in a medium of 3% NaCl solution
at temperature of 30 ± 2 ºC. The change in OCP and CCP was
measured at regular intervals of every minute initially and then
after every 24 h till 60 days.

Weight loss measurement: The difference in the weight
of the coupons before and after immersion was measured after
cleaning the anodes using a standard procedure (ASTM G 31).
The rate of self corrosion was evaluated based on the weight
loss measurement data.

Efficiency of anode: The casted anode and a large steel
cathode having exposed surface area 1:10 was connected with
insulated copper wire. All the anode-cathode samples were
dipped simulated sea water and monitored the current moving
across the anode-cathode couple. The reduction in anode weight
before and after the experimental periods was determined accor-
ding to ASTM G 31. The theoretical galvanic capacity of the
casted anode was calculated from the data of reduction in anode
weight.

Electrochemical impedance characterization: Electro-
chemical impedance spectroscopy (EIS) was studied with electro-
chemical analyzer (Auto lab PG stat 30 plus FRA 2). Ag/AgCl,
Pt and the anode having 1 cm2 exposed area were as reference,
counter and working electrodes, respectively. The electrolyte
used was 3% NaCl. The impedance studies were done at 1 MHz
to 0.1 Hz with reference to OCP after 30 min exposure of the
anodes in the electrolyte.

Biogrowth: The total number of viable counts (TVC) was
calculated by standard procedure of plate counting techniques.
The surface biofilm formed on the given anode surface was
mixed with peptone water. This mixtures was shaken for 5 min
so that all micro organisms were serially diluted with sterile
water to get 10-5 dilution. Then, 1mL of mixture was spotted
on to the Zobell marine agar medium. The temperature and
pH were 25 ºC and 7.6 ± 0.2, respectively and a time period of
24-48 h were taken for the incubation of the plates. From this
the colony forming unit (CFU) was calculated.

RESULTS AND DISCUSSION

Characterization of nano MnO2: Fig. 1a shows X-ray
diffraction (XRD) pattern of the MnO2 sample. The pattern is
similar to that of a typical commercial electrolytic MnO2 (EMD)
and the γ-MnO2 reported in the literature [26,27]. The diffrac-
tion peaks occurred at 21.88º, 37.16º, 42.50º, 55.96º and 67.30º,
respectively should be assigned to the characteristic peaks for
γ-MnO2 (JCPDS card no. 14-0644). Except for these charac-
teristic peaks, no additional peaks could be observed, indicating
the pure phase of MnO2. The visible broad peaks and unsmooth
basal of the diffraction pattern suggest that the material may
possess a nano structure with some amorphous nature.

The particle size distribution profiles of nano MnO2 are
shown in Fig. 1b. Most of the nano MnO2 particles have dia-
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meters 63.55 nm. The particle size distribution profile obser-
vation has comparable results as that of XRD pattern and confir-
med the nanosized dimension of the prepared composites. Fig.
1c shows the transmission electron microscope image of the
MnO2 sample. It was clear that the particles was composed of
needle-like nano rods with a diameter ranging from several to
about 10 nm and a length ranging from 10-100 nm.

Microstructural analysis: The main objective of the present
work was the metallurgical improvement as it is the main para-
meter that can be significantly improved by means of nano
MnO2 incorporation. The macro structural characteristics of
the prepared anode were evaluated by optical microscopy. Fig.
2a displays the morphological characteristics of bare Al-alloy
anode while Fig. 2b shows that of nano MnO2 integrate Al-
alloy anode at low magnification. Fig. 3a displays the morpho-
logical structures of bare Al-alloy anode while Fig.3b that of
the nano MnO2 incorporated Al-Zn anode at low magnification
and Fig. 3c and Fig. 3d show that of nano MnO2 incorporated
Al-Zn anode at higher magnifications. A reasonable distinct
in the morphological structures of the two anodes were clearly
visible during the analysis. The micrograph of the nano MnO2

incorporated Al-Zn anode also had uniform grain size with
slight segregation of MnO2 distributed regularly through out
the entire surface. No other concrete damages like localized
void, intergranular crack and channel was observed. The smaller
and uniform grain size could have significant impact on the

galvanic characteristics of the anode. Moreover, in the present
case, the whole area of Al-Zn anode was found relatively more
defective than the nano MnO2 incorporated Al-Zn anode as
there were many voids and cracks found on the former. Anodes
having defective morphology usually lead to localized corro-
sion resulting low galvanic efficiency [28].

Electrochemical evaluation of anode

OCP characteristics: OCP, a reliable parameter indicating
the activation/passivation of anode and it defines as the stable
open circuit potential without any electrical disturbance. Activ-
ation of Al anodes were generally demonstrated by varying of
the OCP and pitting potential in the cathodic region. Fig. 4
displays the trend of OCP characteristics of the sacrificial
anodes incorporated with varying amounts of MnO2, in artifi-
cial sea water for a time period of 60 days. The initial OCP
values of MnO2 incorporated anodes were display in the range
of-0.950 to -0.989 V and were to shifted to -0.947 to -0.981 V
after 60 days of study. There were stable potential fluctuations
only at the beginning and the potential value became gradually
increased as the experimentation time of exposure continued.
The equilibrium OCP at the beginning was due to the presence
of quasi-stable Al2O3 layer [29]. However, as the period of time
exposure increased, the Al2O3 film became unable to protect
the substrate from further active disintegration due to cathodic
breakdown and the Al2O3 layer hydrates [8]. Among the anodes,
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Fig. 1. (A) XRD pattern of nano MnO2. (B) oarticle size distribution profile of nano MnO2(C) TEM image of nano MnO2

Fig. 2. Optical micrograph of  (A) Al-Zn, (B) Al-Zn + MnO2
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Fig. 4. OCP variation of Al-Zn anode with different amounts of MnO2

incorporation for a period of 60 days (Cathode: Mild steel,
electrolyte: 3 % NaCl) ( ) 0%, ( ) 0.05%, ( ) 0.1%, ( ) 0.2%,
( ) 0.5%, ( ) 1%

0.5 % MnO2 incorporated anode exhibited highest OCP shift;
−0.042 V in the cathodic way as that of pure Al-Zn anode.

Self corrosion: The rate self-corrosion of the anodes was
studied to calculate the non-columbic metal loss, since it was
the major drawback of Al rich sacrificial anodes. Corrosion
rate was evaluated by determining the anode mass that has
been disintegrated purely due to ongoing galvanic reactions.
Table-1 shows the rate of self corrosion of the anodes for two
months of immersion in 3 % NaCl solution. The self-corrosion
values of the pure Al-Zn anode was 10.952 × 10-6 g/cm2/h and
that of the nano MnO2 incorporated anodes was found in the
range of 10.952 × 10-6 to 7.19 × 10-6 g/cm2/h. From various
anodes under experimentation, 0.5 % nano MnO2 incorporated
anode displayed the lowest self-corrosion rate. An efficient
sacrificial anode must have low self-corrosion value in order
to avoid frequent anode replacement. The reduction in self-
corrosion values of the nano MnO2 incorporated Al-Zn anode
could be due to the suppression of deterioration along grain
boundaries due to enhanced grain depuration [9]. The lack of
other metallurgical defects such as voids and creaks was also
the reason for low self corrosion and high coulombic efficiency.

Fig. 3. SEM micrographs of (A) Al-Zn, (B) Al-Zn + MnO2; (C) and (D) are at higher magnifications respectively
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Long-term galvanic efficiency: The anode efficiency for
a period of three months of immersion in 3% NaCl was studied
with reference to accelerated electrochemical test. From Table-1,
it was clear that the galvanic efficiency of bare Al anode was
significantly lower than MnO2 incorporated anode. Theore-
tically, lower galvanic efficiency of the anodes was due to the
presence of impurities where deterioration occurs through a
narrow spot in the grain boundaries [30]. In present case, 0.5%
nano MnO2 incorporated anode exhibited remarkably high
efficiency, around 59%, revealing uniform anode dissolution.
It was assumed that with the introduction of MnO2 composite,
the surface interface reactions were substantially reduced and
the mechanical grain loss effectively suppressed, which synerg-
istically enhanced the galvanic efficiency. All the anodes exhi-
bited galvanic efficiency values in accordance with accelerated
electrochemical test. The pure Al-Zn anode displayed efficiency
of only 58%. On the other hand, Al-Zn+0.5% MnO2 anode had
substantially and relatively high efficiency as 70% during the
accelerated tests. This revealed long-term uniform anode disso-
lution by the uniform presence of nano NiO in the interior mass
of the anode, during the galvanic exposure. The galvanic effici-
ency of the anodes increased with increase in nano MnO2 concen-
tration up to 0.5%. A gradual increase in the amount of nano
MnO2 prevented the formation of passive oxide film on the
anode surface. Further increase in the nano MnO2 content in
the Al-Zn matrix reduced the galvanic efficiency due to the
increase in the barrier properties of the anode surface. Thus it
became clear that keeping the optimum concentration of nano
MnO2 (0.5%) was critical to get high efficiency of the anode.

Electrochemical impedance characterization: The electro-
chemical impedance spectroscopy provides useful information
to describe the active behaviour of complex corrosion system.
Electrode impedance is a complex number and the impedance
spectra are normally displayed in a Nyquist (complex plane)
plot, where the imaginary part of impedance (-Z′′) is plotted
against real part (Z′). Fig. 5a shows the Nyquist plots of EIS
data obtained for bare anode, while Fig. 5b shows the MnO2

incorporated Al-Zn alloy sacrificial anode. From the imped-
ance plots, it could be observed that bare anode had a wide
arc in the high frequency region. A similar trend was observed
in the case of nano MnO2 incorporated Al-Zn anode also. How-
ever, the polarization resistance (Rp) values of nano MnO2

incorporated Al-Zn was found to be lower than that of Al-Zn
anode. The polarization resistance (Rp) was an indication of
effective interaction between the oxide film and the substrate,
which could lower the surface resistance. The lowering of
surface resistance was requisite for an efficient sacrificial anode.
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Fig. 5. Nyquist diagrams of Al-Zn anode incorporated with ( ) Al-Zn,
( )Al-Zn + MnO2 3 % NaCl solution in the frequency range of 1
MHz to 0.1 Hz with reference to OCP

The dominant and wide arc observed from the Nyquist plot of
MnO2 incorporated anode could be attributed to formation of
thin alumina layer on the outer most surface of the anode. The
impedance spectra also revealed that the incorporation of both
bare anode and MnO2 into Al-Zn anode led to destabilization
of the weak layer of Al2O3 and the inner composite-aluminum
layer as required for effective cathodic protection.

According to Bode plot (Fig. 6), obvious change in the Z
modulus can be found as a result of the incorporation of nano
MnO2 into Al-Zn alloy anode. The Z modulus of nano MnO2

incorporated Al-Zn anode exhibited lower value and the linear
slope modulus gradually decreased compared to Al-Zn anode.
Theoretically, lower Z modulus at lower frequency displays
better sacrificial action of the anode. The phase angle plotted
against logarithm of the frequency is also shown in Fig. 6. The
appearance of an inductive loop at low frequencies could be
attributed to the formation of an intermediate when the alloy
undergoes active dissolution [31]. The inductive loop observed
in the low frequency region could also be attributed to the slow
relaxation process of hydrogen adsorption as well as aluminum
dissolution in the form of Al3+ ions. The origin of inductive
response of aluminum alloy revealed poor layer homogeneity,
which could be due to the pore structure and possible adsor-
ption relaxation process resulting in pitting corrosion [32,33].
In addition, the impedance spectrum revealed a phase angle
close to 70º over a short range of frequencies for Al-Zn anode
while MnO2 incorporated Al-Zn anode shows a phase angle
of only 50º. The lowering of phase angle values of nano MnO2

incorporated Al-Zn anodes could be attributed to the effective
destabilization of passive alumina layer on the anode surface.

TABLE-1 
METALLURGICAL AND GALVANIC PERFORMANCE OF THE NANO MnO2 INCORPORATED Al-Zn ALLOY SACRIFICIAL ANODE 

Wt. of MnO2 (%) OCP vs. SCE (V) CCP vs. SCE (V) Weight loss  
(µg cm-2 h-1) 

Long term 
efficiency (%) 

Accelerated 
efficiency (%) 

Micro hardness 
(VHN) 

– 
0.05 
0.1 
0.2 
0.5 
1.0 

-0.930 
-0.940 
-0.945 
-0.948 
-0.970 
-0.959 

-0.912 
-0.923 
-0.927 
-0.930 
-0.950 
-0.943 

10.860 
08.215 
08.152 
07.861 
07.159 
07.299 

54.5 
60.1 
61.7 
63.0 
80.0 
75.0 

25.1 
28.4 
30.9 
32.7 
66.7 
59.5 

39 ± 1.4 
43 ± 2.2 
44 ± 1.8 
47 ± 2.5 
52 ± 1.8 
52 ± 2.9 
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It is well known that a pure capacitive behaviour is plotted as
the phase angles gradually increase and reaches to 90º [34,35].
The decrease in both Rp and phase angle values is a clear indica-
tion of effective interaction between the oxide film and the
substrate that lowers surface resistance.

Dissolution rate of the anode with different solution
flow rate: The effect of electrolyte velocity on dissolution rate
of the anode in condensed media was a very well-known issue.
The dissolution of the anode in condensed media involves at
least three fundamental steps: (i) transport of the reactant to
the anode surface; (ii) electron exchange resulting in metal
loss; and (iii) transport of the corrosion products from the anode
surface to the bulk solution.

Because the three steps occur in series, any one of them
can control the rate of the overall process. Accordingly, it was
necessary to take into account of both charge transfer and mass
transfer phenomena when describing the dissolution of anode
in marine environments. In other words, hydrodynamic factors
play a key role in the kinetics of galvanic anode dissolution.
Mass transfer and surface shear effects may have a profound
effect on the rate of anode dissolution, either by modifying the
rate of transport of chemical species to or from the surface or
by shear-stripping protective films from the alloy/solution
interface [36].

It can be seen from Fig. 7 that the dissolution rate of anode
increases with increasing chloride concentration in agreement
with significant negative shift in the pitting potential of anode.
This may attributable to the increase in both anodic current
output and solution conductivity. The increase in anodic current
output at potentials where pure Al-Zn normally expected to be
passive was due to the effective degradation of surface alumina
layer. The insensitivity of rate of dissolution of anode at higher
NaCl concentration (> 5%) was associated with decrease in the
concentration of dissolved O2 gas as a result of the salting out
effect caused by NaCl [36]. It can also be seen that the dissolu-
tion rate of anode increases with the increasing flow rate of
chloride medium. This may be attributed to the decrease in
thick-ness of hydrodynamic boundary layer and diffusion layer
across which dissolved oxygen diffuses to steel cathode accor-
ding to the following equation [37] J = K = D CO2/δ; where J =
mole flux of oxygen, K = mass transfer coefficient, CO2 =
saturation solubility of O2 in water, D = diffusivity of oxygen
in chloride solution and δ = boundary layer thickness. Then
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Fig. 7. Effect of electrolyte flow rate on dissolution of MnO2 incorporated
Al-Zn anode ( ) 300 L h-1, ( ) 400 L h-1, ( ) 500 L h-1, ( ) 600
L h-1

the passive alumina layer almost vanishes and the products of
corrosion and protective films were continuously swept away
from anode surface resulting effective anodic dissolution. The
effective dissolution of the anode and remarkable negative shift
in pitting potential value of the developed anode relative to
pure Al-Zn anode itself manifests its anodic activation capacity
in aggressive marine conditions.

Tolerance of anode in different aggressive media: The
variation of anode potential, OCP and CCP as a function of
time when the anodes were immersed in aggressive chloride
environments are shown in Fig. 8. As the concentration of NaCl
solution increases from 3 to 10% both OCP and CCP values
shifted to more negative region compared to pure Al-Zn anode.
In aggressive marine media, the cathodic reaction possible was
hydrogen evolution either by dissociation of water molecules
catalyzed by Al2O3 film or chemical attack by OH− and water
accordingly as:

2H2O → H3O+ + OH– (1)

2H3O+ + e– → H2 + 2 H2O (2)

Al + OH– + H2O → AlO2
– + 3/2H2 (3)
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Fig. 8. OCP and CCP decay trend of Al-Zn alloy anode with different
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 incorporation in 10% NaCl solution (A) 0%, (B)
0.05%, (C) 0.1%, (D) 0.2%, (E) 0.5%, (F) 1%

The released hydrogen react with anode surface to form
substance such as AlH3, AlH2

+ and AlH2+, which may shifts
the potential to more negative region [38]. Moreover, hydration
of the oxide film takes place as a consequence of local pH
increase (alkalizing effect) at the oxide/solution interface by
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hydrogen splitting away from water. The hydrated part of the
oxide film was assumed to penetrate towards the metal/oxide
interface. This resulted in the increase in ionic conductance
inside this portion of the film and in an increased rate of electron
transfer (tunnelling) through the remaining anhydrous part.
Finally, hydrogen was being evolved at the bare metal at an
anomalous yield due to a simultaneous and equivalent disso-
lution of the metal.

Morphological characterization during long-term
immersion: Corrosion of aluminum alloys usually occurs as
a result of two major electrochemical reactions involving the
anodic area where metal dissolution occurs (Al → Al3+ + 3e−)
and the cathodic areas where the reactions such as reduction
of oxygen (O2 + 2H2O + 4e− → 4OH−) occur. The representative
corroded surfaces of nano NiO incorporated Al-Zn anode after
different immersion time are shown in Fig. 9. No significant
corrosion pits could be observed initially as also shown in Fig.
9a. Some pits with average size of 4 µm became distinguishable
after 30 min immersion (Fig. 9b). This was probably due to
the initiation of activation mechanism. Generally, aluminum
activation in solutions containing aggressive ions can be initi-
ated at active sites through pitting. Then the flaws site of anode
surface, such as precipitates can further cause the initiation
and propagation of the pitting. Hence the presence of small
pits on the anode surface can act as corrosion nuclei and can
be beneficial to the sacrificial action of the anode. The size of
the pits was gradually increased without increase in pits number
up to 1 h immersion (Fig. 9c). In this case no other precipitates
were seen on the anode surface. Special features like mud-
structured grain were developed on the anode surface after 10 h
immersion (Fig. 9d). Generally mud structure on the anode
surface can be explained by considering passivation on the anode
as a dynamic process [39]. Moreover, precipitates of corrosion
products were relatively small. This indicated that fine disper-
soids were not active in localized corrosion processes. The

corroding sites are most likely related to the cathodic inter-
metallic particles that have sufficient potential difference relative
to the matrix, so that local anodic dissolution of the matrix
starts in the boundary region adjacent to the particles [40].

Antifouling effect: Biological organisms present in the
marine environments often have the potential to increase or
decrease oxygen transport to the anode surface; consequently,
these organisms have a critical role in affecting the performance
of the anode. Electrostatic, van der Waals and Lewis acid base
interactions govern adhesion of bacteria on solid surface. Both
bacterial and solid surface properties like solid roughness and
hydrophobicity govern the initial adhesion phase of bacteria
on the surface. It has been documented that the composite
incorporation in Al matrix has significant effect in resisting
biofouling in marine environments. This synergistic action was
probably due to the shifting of electronic absorption to higher
wavelength region and formation of labile oxygen vacancies
[41]. The number of cell colonies attached to pure Al-Zn anode
was 2350 CFU cm-2, while the presence of MnO2 activators in
the interior of Al-Zn anode remarkably reduces the colony
formation, only 1500 CFU cm-2. The significant reduction in
bacterial reduction was probably due to the formation of hydroxyl
radical and hydrogen peroxide during enhanced oxygen reduc-
tion reactions. This result lay strong emphasize on the potential
scope of MnO2 incorporated Al-Zn sacrificial for effective
cathodic protection system especially in marine environments.

Conclusion

The incorporation of MnO2 into aluminium alloy promoted
active sacrificial dissolution of the anodes. The activation was
manifested by shifting of the open circuit potential in the nega-
tive direction. The mechanical properties of the anodes were
enhanced significantly by MnO2 inclusion resulting significant
reduction in non-columbic metal loss. The electrochemical
characteristics of the anodes were enhanced due to effective

Fig. 9. SEM micrographs of Al-Zn anode incorporate with  nano MnO2 incorporated after immersed in 3% NaCl solution for (A) 10 min, (B)
30 min, (C) 1 h, (D) 10 h, (E) 3 days, and (F) 30 days
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suppression of local macro/micro-cell action and mechanical
loss. The EIS was applied in analysis of the activation and
passivation of aluminium alloy anode, as it distinguish the
elementary processes taking place at the anode. The galvanic
efficiency of 83.4% was achieved by the active dissolution of
MnO2 into matrix. The activation mechanism was interpreted
on the basis of autocatalytic dissolution-redeposition attack
of activator on the anode surface. The fabricated anodes were
consociated with further merits of cost effective, easy molding
technique and endurance in aggressive chloride media.
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