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1.  Introduction

Aluminium (Al) is a second choice after iron for multiple 
applications1. Al is thermodynamically very reactive but 
in most natural environments it is stabilized by formation 
of a thin protective oxide layer. However, it succumbs to 
localized pitting corrosion, due to inter metallic inclusion 
which leads to exfoliation corrosion which hampers its 
utilization in various applications2,3. 

Al-air batteries have high theoretical energy density 
(gravimetric and volumetric) because of its high electrical 
conductivity with standard potential of 1.676 V vs. 
Standard Hydrogen Electrode (SHE)4,5. But during the 
electrochemical processes when Al comes in contact with 
alkaline solution in Al-air battery, it undergoes rapid 
corrosion6,7. Al corrosion is associated with passivation of 
the cathode active material, deposition of its solid products 
on to electrode surface which increase the electrical 
resistance, and its soluble products contaminate the 

electrolyte increasing the self-discharge rate that hampers 
implementation of Al-air batteries as sustainable energy 
storage system8. So, it is extremely necessary to overcome 
the corrosion problem for constant performance of Al-air 
battery using corrosion inhibitors, either to the metal or 
to the electrolyte. 

Various methods are used to reduce Al-corrosion rate; 
use of corrosion inhibitor is most popular. Corrosion 
inhibitors get adsorbed on Al-surfaces creating corrosion 
resistant layers and reduce corrosion rate mainly by either 
increasing or decreasing anodic or cathodic reactions, 
decreasing diffusion rate for corrosive reactants and 
increasing electrical resistance. Price, toxicity, availability 
and environment-friendliness of inhibitors are vital for 
large-scale applications9,10. 

Graphene, an environment friendly, low cost, 
chemically inert and nontoxic 2-d monoatomic sp2 
hybridized carbon nanostructure, is a strong candidate for 
corrosion resistance and protective coating on metal11-17. It 
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can easily be converted to water dispersible graphene oxide 
(GO) by simplified or modified Hummer method18-23. GO 
can provide an anti-corrosion protection layer without 
affecting electrical and optical properties of coated surface 
which is very useful for various applications3. However, 
inhibition efficiency for GO decreases on formation of a 
multi-layer coating onto metal surfaces which retard ion 
transport and oxygen diffusion. 

Silica (SiO2) has excellent corrosion inhibition 
properties on metal surfaces due to interaction between 
metal and -O-Si-O-Si-O- network24-28. But its application 
creates micro-cracks on surface that permeates corrosive 
reactants; however, application of nanoparticles as 
corrosion inhibitor onto metal surfaces can increase 
corrosion protection by decreasing roughness factor29-32. 
Zeolites are non-toxic aluminosilicates, effective in 
inhibiting metal surfaces in both acidic and alkaline 
media.

Corrosion inhibition of zeolite coatings seems 
independent of coating thickness and an ultrathin 
coating of a few hundreds of nanometers is sufficient. A 
condensation reaction between anodized aluminium and 
Al-O-Si covalent bonds of zeolites occur to form a zeolitic 
coating33,34. So, GO:zeolite composites in ultrathin layers 
can be potential corrosion inhibitors.

2.  Materials and Methods

99.9% pure Al-rod (from Johnson Matthey, UK); 
99.9995% pure graphite powder (from Alfa Aeser, US); 
ZSM-5, with SiO2:Al2O3 ratio of 30±5, Si:Al ratio of 38 
and andMCM-41, with SiO2:Al2O3 ratio of 20 (from 
Greenstone, Switzerland); HCl (98.0%),H2SO4 (98.0%), 
H2O2, NaOH and NaNO3 of analytical grade (from 
Merck, India); KMnO4 (from BDH Corporation, India); 
and triple-distilled water were used at room temperature 
(RT).

2.1 Synthesis of Graphene Oxide 
Graphene oxide (GO) is prepared by Hummers method. 
Into 40 mL concentrated H2SO4,1 g of graphite powder 
and 0.5 g of NaNO3 were added at RT and stirred for 
15 minutes in ice-bath. 5 g of KMnO4 is slowly added 
to prevent temperature > 20 0C. It was stirred for 3 h in 
ice-bath and then stirred overnight for 18 h under RT. 
Temperature of mixture was raised to 35 0C in another 30 

min, with constant stirring; mixture gradually thickened 
into a brownish grey colored paste. 80 mL distilled 
water was added into the paste in 15 min, maintaining 
temperature > 80 0C. Resulting solution was then cooled 
down to RT under tape water and preserved for another 
10 min. The suspension was further diluted with distilled 
water to 245 mL approximately, followed by addition of 
40 mL of 3% H2O2; the suspension turned bright yellow. 
It was filtered, resulting biscuit-colored filter cake was 
washed thrice with 3% diluted HCl and warm water. GO 
produced was dried for few days in vacuum. GO solution 
was obtained by exfoliating graphite oxide in distilled 
water with ultrasonic vibration for 45 min.

2.2 Characterization
GO was characterized employing various spectroscopic 
techniques, such as (i) UV-visible spectroscopy by Lambda 
35 Perkin Elmer UV/VIS spectrometer; (ii) Fourier 
transform infrared spectroscopy (FTIR) by Shimadzu 
FTIR 8400S; (iii) Powder x-ray diffraction (XRD) by  
Ultima IV Rigaku (CuKα, λ = 1.5406Å); (iv) Selected area 
electron diffraction (SAED) by SAED by JEOL JEM-2100 
S; (v) Raman spectroscopy by Olympus BX41 and TRIAX 
iHR 550; (vi)  Thermo gravimetric analysis (TGA) by 
Perkin Elmer STA 6000; (vii) Fluorescence spectroscopy 
by Perkin Elmer LS 55; and (viii) Transmission electron 
microscopy (TEM) by Tecnai G2 20 S-Twin. ZSM-5 and 
MCM-41 were characterized employing (i) Powder x-ray 
diffraction (XRD) by  Ultima IV Rigaku (CuKα, λ = 
1.5406Å); (ii) Transmission electron microscopy (TEM) 
by Tecnai G2 20 S-Twin; and (iii) Scanning electron 
microscope (SEM) and Energy dispersive spectroscopy 
(EDS) analysis by Jeol JSM-6390. 

3.  Results and Discussion

3.1 Characterization Results

3.1.1 UV-Vis Analysis of GO
UV-VIS spectrum recorded in wavelength region of 200 
- 800 nm by dispersing GO in distilled water shows two 
distinct absorption maxima (λmax) at 230 nm and 305 nm; 
former is mainly due to π→ π* transition of C=C bond and 
latter is attributed to n→ π* transition of carbonyl groups21 
are shown in Figure 1.

https://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&ved=0ahUKEwi-_P_40dLSAhUCHpQKHbXWAVUQFgglMAI&url=https%3A%2F%2Fwww.slideshare.net%2Farifonline%2Fshimadzu-ftir-8400s&usg=AFQjCNH_RaDHhtlsiDoNnFtLDfrpUbQCUg
https://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&ved=0ahUKEwi-_P_40dLSAhUCHpQKHbXWAVUQFgglMAI&url=https%3A%2F%2Fwww.slideshare.net%2Farifonline%2Fshimadzu-ftir-8400s&usg=AFQjCNH_RaDHhtlsiDoNnFtLDfrpUbQCUg
https://cmm.centre.uq.edu.au/jeol-jem-2100-tem
https://cmm.centre.uq.edu.au/jeol-jem-2100-tem
http://www.horiba.com/fileadmin/uploads/Scientific/Documents/Mono/iHR.pdf
https://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&cad=rja&uact=8&ved=0ahUKEwjt2Ljk0tLSAhVFoJQKHZBbC7AQFggqMAM&url=http%3A%2F%2Fwww.sharedinstrumentation.ucsb.edu%2Finstruments%2Ftempo-facility%2Fperkin-elmer-ls-55-luminescence-spectrometer&usg=AFQjCNEoJrPRISd43oNR_YkfVMtMpT99Nw


B. M. Daas, P. K. Ghosh and S. Ghosh

Vol 10 (25) | July 2017 | www.indjst.org Indian Journal of Science and Technology 3

Figure 1.    UV-VIS absorption spectrum of GO.

UV-VIS spectrum analysis

3.1.2 FTIR Analyses of GO & Graphite 
FTIR spectra were recorded to confirm different 
functional groups present with vacuum dried samples of 
GO and graphite in wave-number region of 500 - 4000 
cm-1 after preparing KBr pellets of samples are shown in 
Figure 2.

Figure 2.    FTIR spectra of graphite and GO.

FTIR spectra analysis

Peak at 3415 cm-1 is credited to O–H stretching, at 
1720 cm-1 is credited to C=O stretching vibration, at 
2355 cm-1 is credited to symmetric and asymmetric C–H 
stretching mode and peaks at 1620 cm-1 is credited to C = 
C stretching vibration in unoxidized sp2 C=C bonds. Peak 
at 1075 cm-1 is credited to C–O vibrations of GO20,21.

3.1.3 XRD Analyses of GO, Graphite & Zeolites
Powder XRD diffraction were performed with solid 
samples in region of 2θ = 5 - 70° to verify the crystalline 
nature of graphite oxide, GO, ZSM-5 and MCM-41 is 
shown in Figure 3.

Figure 3.    Powder XRD of graphite, GO, ZSM-5 & MCM-
41.

Powder XRD analysis

A distinct diffraction peak at 10.93o for GO for (001) 
plane and two distinct diffraction peaks at 26.47o for 
(002) plane and at 54.5o for (004) plane of graphite are 
observed. Interlayer distance values for graphite (d002) 
and GO (d001) are found to be 0.34 nm and 0.8 nm, 
respectively. Increase in interlayer spacing value of GO is 
attributed to the presence of oxygen functional groups to 
carbon basal plane via chemical oxidation reaction and 
some other structural defects15,20. Distinct diffraction 
peaks, (301) and (011) at 7.9o, (101) and (020) at 8.8o, 
(503) at 14.8o, (051) at 23 o and (501) at 23.86o confirm 
ZSM-5, and distinct diffraction peaks, (100), (110), (200) 
and (210) within 2 - 7o confirm MCM-4135.

3.1.4 SAED Analyses of GO & Zeolites
SAED analysis performed to verify crystalline 
environment shows that a perfect six part ring patterns 
in GO which is attributed to crystalline environment of 
GO that validate result of powder XRD spectroscopy36-38 
is shown in Figure 4. 

Figure 4.    SAED images of (a) GO, (b) ZSM-5 and (c) 
MCM-41.

SAED analysis
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Figure 4b and Figure 4c both show crystalline nature 
of ZSM-5 and MCM-41, former being more crystalline 
than the latter. 

3.1.5 Raman Analyses of GO & Graphite
Raman spectra of graphite oxide and GO were recorded 
at 1000-3500 cm-1 by λ= 488 nm, 50 xL objectives lens 
to realize structural properties are shown in Figure 
5.‘G’ band is credited to inplane vibration of sp2 carbon 
atoms of GO and graphite samples, whereas ‘D’ band is 
credited to a breathing mode of a K-point photons of A1g 
symmetry for GO19,21,39.  GO shows a prominent D band 
at ~1350 cm-1 with an intensity comparable to ‘G’ band at 
~1587 cm-1whereas, graphite shows only one ‘G’ band at 
~1581 cm-1. 

Figure 5.    Raman spectra of graphite and GO.

Raman spectra analysis

Besides, 2D band at 2758 cm-1 arises from a two photon 
double resonance Raman process confirming successful 
formation of GO.

3.1.6 TGA Analyses of GO & Graphite
TGA analyses of graphite and GO were analyzed by 
heating from 40 to 800 0C, at a rate of 20 0C min-1 is shown 
in Figure 6. 

Graphite shows a very negligible weight loss up to 
800 0C, around 8.45 % of its total weight. But GO shows 
constant weight loss from very beginning due to removal 
of adsorbed moisture; however, a major weight loss, up to 
99.3% of its total weight, is observed around 200 °C with 

an exothermic peak. Major weight loss of GO is attributed 
to pyrolysis of oxygen bearing functional groups linked 
with GO21,40. TGA analyses clearly confirm that thermal 
stability of GO is very less compared to graphite.

Figure 6.    TGA curves of Graphite and GO.

TGA analysis

3.1.7 Fluorescence Analysis of GO
Emission measured with 280 nm and 440 nm excitation 
at the pH of GO suspension (pH = 5.3) shows a broad 
peak near 625 nm attributed to exposure of more H2O 
molecules with exfoliation of GO thus layer enhancing 
polarity of solution41-44 is shown in Figure 7.

Figure 7.    Fluorescence spectra of GO.

Fluorescence spectra analysis

3.1.8 TEM Analyses of GO & Zeolites
A small droplet of dispersed sample was added to copper 
grid and allowed to dehydrate for 24 h and then TEM 
images were taken at resolution 2.4 Ao is shown in Figure 
8. 

Determined by image J software, particle sizes of 
ZSM-5 are around 200 nm. The sizes of MCM-41 are on 
higher side of 200 nm45,46.
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Figure 8.    TEM micrographs of GO, ZSM-5 and MCM-41.

TEM analysis

3.1.9. SEM-EDS Analyses of Zeolites
In SEM micrograph of ZSM-5 is shown in Figure 9a, 
particle sizes are 150-200 nm as determined by imageJ 
software. Again from EDS analysis, it is found that weight 
percentage (wt%) of Si, Al and O are approximately 53, 
22 and 25 % respectively confirming ZSM-5 is shown in 
Figure 9c. 

Figure 9.    SEM micrographs of (a) ZSM-5 and (b) MCM-
41.EDS analysis of (c) ZSM-5 and MCM-41.

SEM analysis

In SEM image of MCM-41 is shown in Figure 9b, 
particle sizes > 200 nm. EDS spectrum of MCM-41 
is shown in Figure 9dproves presence of elements of 
MCM-41 with weight percentage (wt%) of Si, Al and O 
were approximately 57, 21 and 22% respectively which 
confirms MCM-41.

3.2 Corrosion Analysis

3.2.1 Weight Loss Study of Corrosion
Weight loss study is chemical analysis of corrosion47. 
Initial weight loss of Al was determined at RT in absence 
and presence of potential corrosion inhibitors (GO, 
GO:ZSM-5 or GO:MCM-41 composite) in a corrosive 
alkaline solution. Blank system contained 10 mL of 0.01 
M NaOH solution and 10 mL of triple-distilled H2O while 
system with potential corrosion inhibitors contained 10 
mL of 0.01 M NaOH solution, 5 mL of 0.5 g L-1 aqueous 
solution of potential corrosion inhibitor and 5 mL of 
triple-distilled H2O. Weighed Al-foils of dimension 1 × 1 
× 0.1 cm3 were suspended in 50 mL beakers containing 25 
mL of three potential corrosion inhibitor solutions for 1 
day. Then the Al-foils were cautiously washed with triple-
distilled water and dil. acetone to halt further corrosion. 
After drying in a stream of air at RT, foils were stored in a 
desiccator Then the dried mass of Al-foils were recorded. 
The experiments were repeated thrice for average.

Corrosion Rate (Vcorr) of Al is calculated from Vcorr(mm 
y-1) = k∆w / DAt 					          (1)

where, Δw = Corrosion weight loss of Al (g), D = 
Metal density in g cm-3, A = Surface area of Al-rod (cm2); 
and t = Time of contact (h)48-50. Here, K = 8.76 × 104, D = 
2.70 g cm-3, A = 2.4 cm2, and t = 24 h. 

Degree of surface coverage (θ) is calculated fromθ = (∆w0 

- ∆w) / ∆w0 					           (2)

where, ∆w0 = Weight loss without potential corrosion 
inhibitor (g), and ∆w = Weight loss with potential 
corrosion inhibitor (g)51. 

Finally, as there is a direct relationship between η(%) 
and θ, Percentage Inhibition Efficiency, η(%), is calculated 
from 

η(%) 	 = [(∆w0 - ∆w) / ∆w0] × 100 
	 = [(Vºcorr– Vcorr) / Vºcorr] × 100 		        (3)

where, Vºcorr and Vcorr are corrosion rates of Al in 0.01 
M NaOH in absence and presence of potential corrosion 
inhibitors50,52-56 (Figure 10). 
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Figure 10.    Weight loss for blank, GO, GO: ZSM-5 and GO: 
MCM-41.

Weight loss analysis

η(%) of Al-foils in absence and presence of potential 
corrosion inhibitors in 0.01 M NaOH solution by weight 
loss measurement in Table 1 and Figure 10  show that 
GO acts as Al-surface protector but GO:ZSM-5 and 
GO:MCM-41 composites are better stronger inhibitors 
may be due to effective surface coverage of Al which 
increases by preferred adsorption of zeolites; GO:MCM-41 
composite shows maximum inhibition efficiency.

3.2.2 �Potentiodynamic Polarization Study of 
Corrosion

Corrosion rates calculated from weight losses can be 
misleading in highly localized pitting corrosion of 
aluminium; potentiodynamic polarization study is 
better than classical weight loss estimation as corrosion 
is an electrochemical process and potentiodynamic 
polarization study is electrochemical analysis47,49. 

Figure 11.    Tafel plots of blank, GO, GO:ZSM-5 and 
GO:MCM-41.

Tafel plot analysis

It was performed to measure corrosion potential 
(Ecorr) and corrosion current (icorr) of Al in 0.01 M NaOH 
solution in absence and presence of potential corrosion 
inhibitors using a Autolab Cyclic voltammeter (Model 
PGSTAT128N) at 300 K (Figure 11). 

It was executed by exposing Al-rod of 3.5 cm2 area as 
working electrode, platinum metal as counter electrode 
and a saturated Calomel electrode (SCE) as reference 
electrode. Al-surface was polished with silicon carbide 
(SiC) abrasive paper, washed with triple distilled water and 
acetone and dried in warm air. Prior to each experiment, 
working electrode was immersed in electrolyte for 30 
min to achieve equilibrium. Polarization measurements 
were performed over a potential range from - 0.25 V to + 
0.25 V vs. Ag/AgCl electrode w.r.t. open circuit potential 
(OCP) at a scan rate 0.5 mV s-1. 

Table 1.    Weight loss, corrosion rate, degree of surface coverage and percentage inhibition 
efficiency, for Blank, GO, GO:ZSM-5 and GO:MCM-41
Inhibitor Initial wt. 

Wi (g)
Final wt. 

Wf(g)
Weight 

loss 
Average wt. 
loss ∆W (g)

Vcorr (mm 
y−1)

θ η(%)

Blank 0.0759 0.0744 0.0015 0.0015 8.45 - -
0.088 0.0864 0.0016

0.0892 0.0875 0.0017
GO 0.0992 0.0991 0.0001 0.0012 6.76 0.2 20

0.0704 0.0692 0.0012
0.0768 0.0754 0.0014

GO:ZSM-5 0.075 0.0742 0.0008 0.0008 4.51 0.47 46.67
0.0881 0.0874 0.0007
0.0777 0.0768 0.0009

GO:MCM-41 0.0893 0.0887 0.0006 0.0005 2.82 0.67 66.67
0.0796 0.0792 0.0004
0.0703 0.0698 0.0005

http://www.metrohm-autolab.com/Products/Echem/NSeriesFolder/PGSTAT302N
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Linear tafel segments of anodic and cathodic curves 
were extrapolated to find icorr values.Corrosion Rate (Vcorr) 
is determined by extrapolation for polarization curves 
near corrosion potential (Ecorr) from

Vcorr (mm y-1) = 3272.icorr.eq / AD 			         (4)

where, icorr = Corrosion current density, eq = 
Electrochemical equivalent of Al, A = Surface area of Al-
rod (cm2), and D = Metal density (g cm-3)56. Here, eq = 
0.09316, D = 2.70 g cm-3, and A = 2.4 cm2.

θ and η(%) were calculated from (Rp) values obtained 
from linear polarization data from

θ = (i0
corr - icorr) / i0

corr)				          (5)

and

η(%) = [(i0
corr - icorr) / i0

corr)] × 100 			         (6)

where, i0
corr and icorr are corrosion current densities of 

Al in 0.01 M NaOH in absence and presence of potential 
corrosion inhibitors56. 

A close inspection of Figure 11 clearly indicates that 
icorrdecreased noticeably with introduction of potential 
corrosion inhibitors and descending order of current 
density is Blank > GO > GO:ZSM-5 > GO:MCM-41. 
Again, Al without any potential corrosion inhibitor has 
highest current density (i0

corr) along with most cathodic 
corrosion potential (Ecorr) which implies highest corrosion 
rate34. In presence of potential corrosion inhibitors, Ecorr 
shifts towards less -ve values implying suppression of 
anodic reaction on Al-surface56-59. Descending order 
of corrosion potential as Blank > GO > GO:ZSM-5 > 
GO:MCM-41  may be explained by physical adsorption 
process in which adsorbed inhibitor, GO composite ZSM-
5 and MCM-41 molecules, may undergo surface reaction; 
producing surface coating. Obtained η(%) values were 
in agreement with values of weight loss measurements 
(Table 2). 

Table 2.    Parameters measured during the corrosion 
tests
Inhibitor Ecorr 

(V)
icorr 

(μA.cm-2)
Vcorr 

(mm.y−1)
θ η(%)

Blank -1.72 213.9 0.010 - -
GO -1.75 114.8 0.005 0.46 46.32
GO:ZSM-5 -1.73 94.2 0.004 0.56 55.96
GO:MCM-41 -1.70 75.8 0.003 0.65 64.55

3.2.3 SEM-EDS Study of Corrosion
Surface morphology of Al in absence and presence of 
potential corrosion inhibitors in 0.01 M NaOH solution 
were analyzed by scanning electron microscope (SEM) 
and energy dispersive spectroscopy (EDS) (Figure 12, 
Figure 13). 

Figure 12.    SEM of Al-surface (a) Uncorroded, and 
corroded by NaOH with (b) blank, (c) GO, (d) GO:ZSM-5, 
(e) GO:MCM-41.

SEM analysis of surface morphology

SEM and EDS analyses indicate changes of surface 
morphology with corrosion of Al in presence of potential 
corrosion inhibitors in alkaline environment. SEM 
micrograph of bare and uncorroded Al shows a more or 
less uniform pattern (Figure 12a). 

SEM micrographs of Al-surface immersed in 0.01 
M NaOH solution in absence (Figure 12b) and presence 
(Figure 12c) of GO indicate more corrosion in absence of 
GO than that in presence of GO.SEM micrographs of Al-
surface immersed in 0.01 M NaOH solution in presence 
of GO:ZSM-5 (Figure 12d) and GO:MCM-41 (Figure 
12e) confirm better corrosion inhibition credited to 
formation of an improved defensive layer by GO: zeolite 
composite. Wt% of Al in presence of GO, GO:ZSM-5 and 
GO:MCM-41 further validates corrosion inhibition by 
the potential corrosion inhibitors (Figure 13).

As 99.9 % pure Al was used, so we can assume that 
weight and atomic percentage of Al initially was 100 %. 

Then corroded Al-surface in presence of GO, 
GO:ZSM-5 and GO:MCM-41 (Table 3) confirm that Al 
is preserved more by potential corrosion inhibitors; in 
order of GO < GO:ZSM-5 < GO:MCM-41; it is again 
confirmed that these potential corrosion inhibitors are 
really effective.



Vol 10 (25) | July 2017 | www.indjst.org Indian Journal of Science and Technology8

Composites of Graphene Oxide and Zeolite as a Potential Inhibitor for Alkaline Corrosion of Aluminium

Figure 13.    EDS of Al-surface in 0.01 M NaOH solution in 
presence of (a) GO, (b) GO:ZSM-5, (c) GO:MCM-41.

EDS analysis of surface morphology

Table 3.    Weight and atomic percentage of elements
Inhibitor Element Weight% Atomic%
GO Si 1.25 1.08

Al 88.91 79.85
O 1.54 2.34
C 8.29 16.73

GO:ZSM-5 Si 1.79 1.43
Al 68.74 57.25
O 29.3 41.16
Na 0.17 0.16

GO:MCM-41 Si 2.75 2.18
Al 65.73 54.17
O 31.17 43.31
Na 0.35 0.34

3.2.4 Amperometric Study of Corrosion
Amperometric analysis of systems with and without 
potential corrosion inhibitors was done to verify current 
generated due to corrosion reaction (Figure 14).

Figure 14.    Chronoamperometric analysis in 0.01 M NaOH 
with (a) blank, (b) GO, (c) GO:ZSM-5, (d) GO:MCM-41.

Chronoamperometric analysis

Current generated in absence of any potential 
corrosion inhibitors is found maximum. Then current 
decreases with use of potential corrosion inhibitors in 
system, in order of GO < GO:ZSM-5 < GO:MCM-41. 
This shows that both GO: zeolite composites can inhibit 
Al-corrosion in 0.01 M NaOH solution but GO:MCM-41 
composite is better inhibitor as validated by minimum 
current.

3.3 �Proposed Mechanism of Corrosion 
Inhibition

Al-corrosion in alkaline medium occurs through two 
steps60.

Anodic reaction is metal dissolution: 
Al → Al3+ + 3e-      	
Cathodic reaction is oxygen reduction: 
O2 + 2H2O+ 4e- → 4OH-     	
The mechanism of the corrosion inhibition can 

be explained based on the chemical and physical 
characteristics of GO and zeolites. The water molecules 
that get adsorbed on the Al- surface in aqueous phase are 
replaced by GO. GO films are thus formed by electrostatic 
interactions between Al metal and the functional groups 
of GO. The number of epoxy (-O-) groups in GO decrease 
after the reaction with NaOH owing to conversion of 
epoxy groups to hydroxyl (-OH) groups and –ONa groups 
and thus GO colloid becomes negatively charged61. Again, 
Al forms Al3+ in alkaline solution and thus adsorbs onto 
negatively charged GO; GO colloidact as anchor to Al 
surface62. The strength of adsorption depends on the 
charge on the anchoring group and the presence of zeolite 
stabilizes the negative charge density on the anchoring 
group63. Na+ ions are also accommodated in the zeolite 
walls by replacement of protons. Zeolites, ZSM-5 and 
MCM-41, also provide mechanical stability to the 
adsorbed layer of GO:zeolite compositeswithout cracks, 
intercrystalline voids or defects due to its high sorption 
ability that directly facilitates corrosion inhibition64. This 
physisorption of GO: zeolite composites layer hinders the 
anodic and cathodic reactions of corrosions.

4.  Conclusion

Both composites GO:ZSM-5 and GO:MCM-41 are 
very effective in preventing alkaline corrosion of Al-
surface, although latter is more effective. Inhibition is 
attributed to formation of improved defensive layer on 
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Al-surface. Adsorption of composites are enhanced by 
presence of -O-Si-O-Si-O- network. Stable ultrathin 
layer of composite then prevents propensity of corrosion. 
The high adsorption and mechanical stability provided 
by the zeolites can be utilized in corrosion inhibition 
applications.  
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