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Abstract: The inhibition efficiency of glutamic acid (GA) - Zn2+ system in controlling corrosion of 
carbon steel in sea water has been evaluated by weight loss method. The formulation consisting of 
200 ppm of glutamic acid and 25 ppm of Zn2+ has 87% inhibition efficiency (IE). A synergistic effect 
exists between glutamic acid and Zn2+. Polarization study reveals that the glutamic acid - Zn2+ system 
function as an anodic inhibitor and the formulation controls the anodic reaction predominantly. The 
nature of the protective film on metal surface has been analyzed by AFM analysis.  
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Introduction 
Amino acids have the ability to control the corrosion of various metals1-10. Generally amino acids 
have two polar groups, namely, one amino group and one carboxyl group. It can coordinate with 
metals through the nitrogen atom and oxygen atom of the carboxyl group. They  have  used to  
prevent  the  corrosion of  metals  such  as mild  steel1, 6, 9, aluminum10 and copper3. 
 Organic compounds are recognized as effective inhibitors of the corrosion of many 
metal and alloys. The efficiency of an organic compound as a corrosion inhibitor is closely 
associated with the chemical adsorption11,12. Most of these organic compounds contain 
nitrogen, sulphur, oxygen and multiple bonds in the molecules which are adsorbed on the 
metal surface and the organic compound13,14. A survey of the available literature reveals that 
the corrosion inhibition by amino acids (Glycine, alanine, glatamic acid and methionine) on 
copper electrode in aqueous medium has been investigated15. Aouniti et al., have reported 
the corrosion inhibition of tryptophan as corrosion inhibitors of aromo iron in acid chloride 
solution16. The present work is under taken; 
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1. To evaluate the inhibition efficiency of GA - Zn2+ system in controlling corrosion of 
carbon steel immersed in the absence and presence of Zn2+ by weight loss method. 

2. To investigate the mechanistic aspects of corrosion inhibition by electrochemical 
studies like polarization study.  

3. To analyse the protective film AFM.  

Experimental 
Carbon steel specimens [0.0267% S, 0.06% P, 0.4% Mn, 0.1% C and the rest iron] of 
dimensions 1.0 cm x 4.0 cm x 0.2 cm were polished to a mirror finish and degreased with 
trichloroethylene. 

Weight loss method 
Carbon steel specimens were immersed in 100 mL of the sea water containing various 
concentrations of the inhibitor in the presence and absence of Zn2+ for one day. The weight 
of the specimens before and after immersion was determined using a Shimadzu balance, 
model AY62. The corrosion products were cleansed with Clarke’s solution17. The inhibition 
efficiency (IE) was then calculated using the equation: 

IE = 100 [1- (W2 / W1)] % 
 Where W1 = corrosion rate in the absence of the inhibitor, W2 = corrosion rate in the 
presence of the inhibitor. Molecular structure of glutamic acid. 

 
Potentiodynamic polarization 
Polarization studies were carried out in a CHI- electrochemical work station with impedance 
model 660A. It was provided with iR compensation facility. A three electrode cell assembly 
was used. The working electrode was carbon steel. A SCE was the reference electrode. 
Platinum was the counter electrode. From polarisation study, corrosion parameters such as 
corrosion potential (Ecorr), corrosion current (Icorr), Tafel slopes anodic = ba and cathodic = bc 
and LPR value. The scan rate (V/S) was 0.01. Hold time at (Efcs) was zero and quiet time 
(s) was two. 

Surface examination study 
The carbon steel specimens were immersed in various test solutions for a period of 1 
day. After 1 day, the specimens were taken out and dried. The nature of the film formed 
on the surface of the metal specimen was analyzed by various surface analysis 
techniques. 

Atomic Force Microscopy characterization (AFM) 
The carbon steel specimen immersed in blank and in the inhibitor solution for a period of 
one day was removed, rinsed with double distilled water, dried and subjected to the surface 
examination. Atomic force microscopy (Veeco dinnova model) was used to observe the 
samples’ surface in tapping mode, using cantilever with linear tips. The scanning area in the 
images was 5 μm × 5 μm and the scan rate was 0.6 HZ /second. 
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Results and Discussion 
Weight loss study  
The physicochemical parameters of sea water are given in the Table 1. The inhibition efficiencies 
(IE) and corrosion rates of GA in controlling of corrosion of carbon steel immersed in sea water, 
in the presence and absence of Zn2+ by weight loss method are given in the Table 2. 
Table 1. Physicochemical parameters of sea water (Sampling place: Ramnad, Tamilnadu, India) 

Parameters Results 
Total dissolved solid 33490 ppm 

Electrical conductivity 49250 mics/cm 
pH 8.14 

Total hardness as CaCo3 84 ppm 
Calcium 16 ppm 

Magnesium 11 ppm 
Chloride 16200 ppm 
Sulphate 2345 ppm 

Table 2. The corrosion inhibition efficiencies and the corresponding corrosion rates 

Inhibitor 
GA, ppm 

Zn2+, ppm 
0 15 25 

IE, % CR(mdd) IE, % CR(mdd) IE, % CR(mdd) 
0 - 27.27 41 20.91 64 12.73 
50 29 21.82 48 18.18 69 10.91 

100 26 22.73 53 16.36 69 10.91 
150 64 10.91 53 16.36 69 10.91 
200 35 20.00 53 16.36 87 04.45 
250 32 20.91 53 16.36 64 12.73 

mmd=millimeter per day 
 The formulation consisting of 200 ppm of GA and 25 ppm of Zn2+ shows 87% of 
inhibition efficiency. Weight loss study reveal that GA and Zn2+ individually showed some 
IE, but exhibited better IE when applied in combination. This suggests that GA and Zn2+ 
exhibit synergistic behavior18.   

Analysis of polarization curves 
Polarization study has been used to know if a protective film is formed on the metal surface. 
If a protective film is formed on the metal surface, the LPR value increases and corrosion 
current value decreases19-22. The potentiodynamic polarization curves of carbon steel 
immersed in various test solutions are shown in Figure 1. The corrosion parameters are 
given in Table 3. 

Table 3. Corrosion parameters of carbon steel immersed in sea water in the presence and 
absence of inhibitor obtained by polarization method 

GA 
ppm 

Zn2+  
ppm 

Ecorr mV 
vs. SCE 

Icorr          
A/cm2 

ba            
mV/dec 

bc    
mV/dec 

LPR ohm 
cm2 

0 
200 

0 
25 

-784 
-768 

7.042×10-6 

6.763×10-6 
232 
237 

139 
148 

5.375×103 
5.849×103 



Potential /V 
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Figure 1. Polarisation curves of carbon steel immersed in various test solutions a) sea water 
b) sea water containing 200 ppm of GA and 25 ppm of Zn2+ 
 When the carbon steel is immersed in sea water the corrosion potential (Ecorr) is -
784 mV vs. SCE and the corrosion current (Icorr) is 7.042×10-6 A/cm2. When 200 ppm 
of GA and 25 ppm of Zn2+ are added to the sea water, the corrosion potential shifted to 
the anodic side -768 mV vs. SCE. The corrosion current is 6.763×10-6 A/cm2. The linear 
polarization resistance has increased from 5.375×103Ω cm2 to 5.849×103Ω cm2. This 
suggests that a protective film is formed on the metal surface. The GA-Zn2+ system 
functions as anodic inhibitor, since the corrosion potential shifted to anodic side23-27.  

Atomic force microscopy characterization 
Atomic force microscopy (AFM) or scanning force microscopy (SFM) is a very high-
resolution type of scanning probe microscopy, with demonstrated resolution on the order of 
fractions of a nanometer, more than 1000 times better than the optical diffraction limit28. The 
three dimensional (3D) AFM morphologies and the AFM cross-sectional profile for polished 
carbon steel surface (reference sample), carbon steel surface immersed in sea water (blank 
sample) and carbon steel surface immersed in sea water containing the formulation of 
200 ppm of GA and 25 ppm of Zn2+ are shown as Figure 2. Images (a, d,), (b, e,), (c, f,) 
respectively. 
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Figure 2 (a,b,c). Three dimensional AFM images of the surface of: a) As polished carbon 
steel (control); b) carbon steel immersed in sea water (blank); c) carbon steel immersed in 
sea water containing GA (200 ppm) + Zn2+ (25 ppm); Figure 2 (d,e,f). AFM cross-sectional 
images of the surface of: d) as polished carbon steel (control); e) carbon steel immersed in 
dam water (blank); f) carbon steel immersed in sea water containing GA (200 ppm) + Zn2+ 
(25 ppm) 
 Root– mean-square roughness, average roughness and peak-to-valley value AFM image 
analysis was performed to obtain the average roughness, Ra (the average deviation of all 
points roughness profile from a mean line over the evaluation length), root-mean-square 
roughness, Rq (the average of the measured height deviations taken within the evaluation 
length and measured from the mean line) and the maximum peak-to-valley (P-V) height 
values (largest single peak-to-valley height in five adjoining sampling heights)28. Table 4.is 
a summary of (Rq), (Ra), (P-V) value for carbon steel surface immersed in different 
environment. 

c 

d e f 
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Table 4. AFM data for carbon steel surface immersed in inhibited and uninhibited 
environment. 

Sample RMS (Rq)          
Roughness, nm 

Average (Ra) 
Roughness, nm 

Maximum Peak-to-
valley (P-V) 
 height, nm 

Polished carbon 
steel 4.33 3.41 35.28 

Carbon steel 
immersed in sea 

water (blank) 
40.2 31.0 191.9 

Carbon steel 
immersed in 200 

ppm of GA- 25 Zn2+ 
25.8 21.0 71.53 

 Figure  2. (a, d,) displays the surface topography of un-corroded metal surface. The value of 
Rq, Ra and P-V height for the polished carbon steel surface (reference sample) are 4.3 nm,            
3.41 nm and 35.28 nm respectively. The slight roughness observed on the polished carbon steel 
surface is due to atmospheric corrosion. Figure 2 (b, e,) displays the corroded metal surface with 
few pits in the absence of the inhibitor immersed in sea water. The Rq, Ra, P-V height 
values for the carbon steel surface are 40.2 nm, 31.0 nm and 191.9 nm respectively. These 
data suggests that carbon steel surface immersed in sea water has a greater surface roughness 
than the polished metal surface, which shows that the unprotected carbon steel surface is 
rougher and was due to the corrosion of the carbon steel in dam water environment. 
 Figure 2 (c, f,) displays the steel surface after immersion in sea water containing 200 ppm 
of GA and 25 ppm of Zn2+. The Rq, Ra, P-V height values for the carbon steel surface are 
25.8 nm, 21.0 nm and 71.53 nm respectively The Rq, Ra, P-V height values are considerably 
less in the inhibited environment compared to the uninhibited environment. These 
parameters confirm that the surface is smoother. The smoothness of the surface is due to the 
formation of a compact protective film of Fe2+-GA complex and Zn(OH)2 on the metal 
surface thereby inhibiting the corrosion of carbon steel29,30. 

Conclusion 
The present study leads to the following conclusions. The formulation consisting of 200 ppm 
of GA and 25 ppm of Zn2+ offers 87% of inhibition efficiency. A synergistic effect exists 
between GA- Zn2+ systems. Polarization study reveals that this formulation controls the 
anodic reaction predominantly. AFM spectra reveal that a protective film is formed on the 
metal surface. 
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