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Abstract

	 Corrosion inhibition behavior of Ascorbic acid (AA) vitamin C and Thiamine (Th) vitamin B1 on 
mild steel corrosion in 0.5 M HCl was investigated at various immersion times.  The electrochemical 
characteristics of mild steel in absence and presence of the inhibitors were verified by the cyclic 
voltammetry method. The protective properties of the passive film were acquired by electrochemical 
impedance spectroscopy. The best inhibitive performance was obtained for VitB1. The polarization 
curves indicated the high inhibition efficiency of the inhibitors. The existence of a protective film on 
mild steel was confirmed by SEM techniques. Computational chemistry was carried out to establish 
the mechanism of corrosion inhibition.
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INTRODUCTION

	 Corrosion is the deterioration of metal by an 
electrochemical process or environment conditions. 
Mild steel are the most commonly used construction 
materials due to its low cost, strength and ease of 
fabrication but they are affected greatly by its high 
corrosion rate caused by aggressive acids1. Mineral 
acids solutions especially, Hydrochloric and sulfuric 
acids are often used for pickling2,3, cleaning4, de-
scaling5, and oil-well acidization6. On the contrary, 

they cause pitting which results in structural 
weakness and disintegration of the metal.  Reducing 
corrosion pits can be performed by the addition of 
corrosion inhibitors in small concentrations7, 8. Most 
corrosion inhibitors are organic compounds having 
electronegative atoms (such as, N, S, P, and O) and 
p-electrons9–12. These organic compounds have high 
corrosion inhibition efficiency owning to their mobile 
electron pair, as well as their orbital character of 
free electrons and the presence of electron density 
around the hetero-atoms.  The action of the inhibitors 
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was discussed and explained previously13-16.  
Unfortunally, the usage of most of the inhibitors has 
been restricted due to their toxicity, as well as their 
insufficient inhibitory efficiencies at low dosages17–19. 
Therefore, the studies have begun to focus on 
finding novel, cheap, non-toxic, environmentally 
friendly corrosion inhibitors as alternatives. In order 
to achieve this, biochemical compounds, which are 
widely applicable in medicinal field, are also contain 
heteroatoms, extensive conjugation, and substituted 
heterocycles. Therefore, these electronic structural 
characteristics are essential in corrosion inhibitors19. 
In this content, we have focused on the inhibitory 
efficiencies of some vitamins, since they contain 
suitable electronic features which help to inhibit the 
corrosion of metals in various aggressive solutions20-

25. 

	 VitB1 is a natural compound26, contains 
many p - electrons as well as one oxygen, one 
sulfur, and four nitrogen atoms. The large size, 
high molecular weight, as well as presence of 
heteroatoms in VitB1 structure can promote good 
coverage to the metal surface, causing easier 
adsorption and increases inhibition efficiency. For 
these reasons, many reports considered Vitamins 
B1 and their derivatives as good corrosion inhibitors 
for various metals in different corrosive media27–29. It 
is worth mentioning, l-Ascorbic acid (AA)–Vitamin C 
is an easily obtainable and water-soluble compound 
whose molecule has desirable characteristics for a 
corrosion inhibitor. 

	 The main aim of present study is to 
investigate corrosion inhibition effect of VitC and 
VitB1 on mild steel in 0.5 M HCl solution as well as 
the stability of the surface inhibitor film at anodic and 
cathodic potentials. For this aim, cyclic voltammetry, 
potentiodynamic polarization and electrochemical 
impedance (EIS) techniques were performed. The 
effect of immersion time on the inhibition efficiencies 
of these vitamins has been systematically studied. 
Surface morphology of corroded/inhibited mild steel 
has been studied by scanning electron microscopy 
(SEM). In addition to this, computational chemical 
calculations were performed to add theoretical 
support to the experimental results.

EXPERIMENTAL

Chemicals preparation
	 Vitamins B1 and vitamin C were obtained 
from Sigma –Aldrich. The test solutions were 0.5 M 
HCl solution with and without the addition of 5×10-3 
M VitC and VitB1, whose chemical structures are 
given in Table 1. VitC and VitB1 were used as green 
inhibitors. 0.5 M HCl solution was prepared by dilution 
of a concentrated HCl solution (37%) with distilled 
water. During the measurements, the test solutions 
were opened to atmosphere, and their temperature 
was controlled thermostatically at 37 °C. Before 
beginning the experiment, the vitamin solutions were 
stirred by a magnetic stirrer for 30 min in 10 ml cell. 
The working electrode was kept in OCP for 30 min 
in the tested solution and then cathodic and anodic 
polarization was recorded.

Electrode preparation
	 The mild steel electrode, whose composition 
is as follows (wt%): (0.045%P; 0.3% Si; 0.3% Cr; 
0.3–0.65% Mn; 0.14–0.22% C; 0.05% S;0.3% Ni; 
0.3% Cu and the remainder Fe), was covered with 
a polyester block except its only bottom surface, 
which has surface area 0.50 cm2. Before the 
measurements, the surface of mild steel sheets 
were polished mechanically with 1200 and 2400 
grit paper; subsequently, the electrodes were rinsed 
with distilled water, degreased ultrasonically in 
ethanol before use and dried at room temperature 
and immersed in the test solutions quickly for 30 
min. Each experiment was performed with freshly 
prepared solution and a clean set of electrodes. 

Instrumentation
	 The measurements were carried out 
with a potentiostat/galvanostat. Electrochemical 
measurements were done using Autolab PGSTAT 
73022. For this purpose, a conventional three-
electrode cell was used, composed of Ag/AgCl 
reference electrode, a platinum wire as the counter 
electrode, and the mild steel substrates as the 
working electrodes. The Potentiodynamic polarization 
curves were obtained by scanning from 0.5 V to -1.5 
V, at scanning rate of 1 mV/s. The cyclic voltammetry 
curves were obtained by scanning from 1.0 V to -1.0 
V, at scanning rate of 50 mV/s. All the measurements 
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were done in a Faraday cage in order to avoid 
electromagnetic interference and the impedance 
plots were fitted using FRA software. Scanning 
electron microscopy (SEM) (Philips, XI 30) was used 
for steel surface characterization before and after 
immersing in vitamin solutions. 

Electrochemical measurements
	 The EIS were recorded in the frequency 
range of 100 mHz –100 kHz. The amplitude of the 
applied sine wave potential was 5 mV. The EIS 
were obtained in 0.5 M HCl solution and plotted in 
the form of Bode and Nyquist plots. The corrosion 
potential and the corrosion current density were 
obtained through the linear analysis of Tafel 
approximation. For linear polarization (i/E analysis) 
we use NOVA software30-32. To avoid the presence 
of some degree of nonlinearity in the Tafel slope 
region of the obtained polarization curves, the Tafel 
constants were calculated as the slope of the points 
after Ecorr by 50 mV, using a computer least squares 
analysis. The corrosion current was then determined 
by the intersection of the cathodic or the anodic 
Tafel line with the OCP (potential of zero current 
in the potentiodynamic curves or Ecorr). This point 
determines the potential (Ecorr) and current density 
(icorr) for corrosion. For all tested electrodes the active 
dissolution parameters values, corrosion potential 

(Ecorr), corrosion current density (icorr), anodic and 
cathodic Tafel slopes (ba and bc) were calculated 
and presented in Table 3.

Computational chemical calculations
	 Computational chemical calculations 
were performed using molecular mechanics theory 
(MM2) method and structural parameters were 
geometrically optimized using H{ckel calculation. All 
the calculations were performed with HyperChem as 
reported in literature. The computational chemical 
parameters obtained were EHOMO, ELUMO and E(LUMO–

HOMO) (DE), Kinetic energy and dipole moment (ì).

RESULTS AND DISCUSSION

Surface and film morphologies
	 Fig. 1 shows the surface morphology 
of corroded and inhibited mild steel in 0.5 M HCl 
solution. Fig. 1(a) shows the surface morphology 
of corroded mild steel (blank) after immersion in 
0.5M HCl solution for 2 days. The images show that 
the surface of mild steel is very rough and highly 
corroded due to active dissolution of the metal oxide 
film in the highly acidic solution.

	 Fig. 1(b and c), illustrates the inhibited 
mild steel after addition of 5×10-3 M VitC and VitB1 

Table 1: Molecular structure of vitamin B1 and vitamin C

Molecules	 Structure	 Molecular structure	 Thermodynamic parameters  
			   (Kcal/Mol)	

VitC (AA)			   Enthalpy = 105.676 Entropy = 
			   0.101Gibbs Free Energy = 75.287 
			   Internal Energy = 105.084Dipole 
			   moment= 9.137178 Debye
			   Kinetic Energy=  423897.116   	
		

VitB1 (Th)			   Enthalpy = 200.055 Entropy 
			   = 0.122Gibbs Free Energy 
			   = 163.506 Internal Energy = 
			   199.463Dipole moment= 6.908890 
			   DebyeKinetic Energy=  
			   718530.2173 
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Table 2: Corrosion parameters of corroded and inhibited mild steel 
electrodes in 0.5 M HCl after 72 hours of immersion time at 37°C 

Electrode	 Rs  / Ω cm2 	 R1  /  Ωcm2	 CPE1 / µF cm-2	 N

Corroded mild steel	 29	 55	 115	 0.51
VitB1/mild steel	 32	 35	 147	 0.67
VitC/mild steel	 35	 30	 160	 0.71

Table 3: Potentiodynamic parameters as well as inhibition 
efficiency values for corroded and inhibited mild steel at 37°C

Samples	 EcorrmV	 jcorrmACm-2	 βamVdec-1	 βcmVdec-1	 Rp mm year-1	 IE%

Mild steel	 -0.65	 0.156	 63.0	 3.1	 18	 -
Vit C	 -0.50	 0.044	 125	 3.4	 2.3	 83
Vit B1	 -0.39	 0.022	 251	 4.5	 1.6	 90

Fig. 1: SEM photographs of mild steel surfaces (a) corroded; (b) inhibited with VitC; and (C) VitB1, 
after immersion in 0.5 M HCl for 2 days. Magnifying power: X 2000

solutions. The roughness and damaged of mild steel 
surface has been diminished owning to inhibitory 
efficiency of vitamins in the acidic environments. 
SEM image of the inhibited mild steel by VitB1, Fig. 
1(c), shows much smoother surface as compared 
to VitC, Fig. 1(b). VitC and VitB1 forms compact film 
which covered the mild steel surface and protect it 
from aggressive environment. 

Electrochemical measurements
Cyclic voltammetry
	 The cyclic voltammetry displays the 
electrochemical changes in corroded/ inhibited 
mild steel behavior. Fig. 2 (a-c) illustrated the CVs 
of corroded mild steel; inhibited mild steel by VitC; 
and VitB1, respectively. Corroded steel showed high 
oxidation peak current, (Fig. 2a) which indicates the 
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high corrosion rate of mild steel in aggressive HCl 
solution. A decreased current respond was observed 
(Fig. 2b) after addition of VitC. AA slows down the 
reduction reaction of dissolved O2 more effectively 
than the anodic reaction33. While dissolved O2 was 
found to enhance the inhibition performance of AA 
in the cathodic reaction, this causes steel to corrode 
rapidly to form a compact and porous film of Iron 
oxide. Therefore, AA acts as a mixed inhibitor. The 
corrosion inhibition process was also attributed to 
the adsorption of l-dehydroascorbic acid (DHA) 
onto the electrode surface active sites, retarding 
the water adsorption reaction that is involved in the 
oxide layer formation33, 35. Moreover, Fig. 2c, showed 
no oxidation peak current. The quenching of the peak 
current attributed to the high inhibition efficiency of 

Fig. 2: Cyclic voltammograms of mild steel 
surfaces in 0.5 M HCl. (a) mild steel; (b) VitC; 

and (c) VitB1, Scan rate: 50 mVs-1

Fig. 3: (a) Nyquist and (b) Bode plots of mild steel, with immersion time in 
0.5 M HCl solution starting from 30 min till 72 h at 37 °C

Fig. 4: (a) Nyquist and (b) Bode plots of VitB1, with immersion 
time in 0.5 M HCl solution starting from 30 min till 72 h at 37 °C. 
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Fig. 6: Randles equivalent circuit Fig. 7: Polarization scans of (a) corroded and 
inhibited mild steel in (b) VitC; and (c) VitB1, in 

0.5 M HCl solution mild steel; Scan rate:  
1 mVs-1, at 37 °C

VitB1 due to its structure which has the ability to 
donate electrons to the d-orbitals of the mild steel 
surface and blocks its active site responsible for 
corrosion. The decreased current response observed 
for both vitamins are evident on the excellent surface 
protection; in agreement with the SEM results.

Electrochemical Impedance spectroscopy
	 Electrochemical impedance spectroscopy 
is a rapid and convenient method to evaluate the 
inhibition efficiency of the inhibitors36.The capacitive 
behavior of mild steel after immersion in 0.5M HCl 
solution for 72 hours in uninhibited solution at 37 °C 
could be visualized from Nyquist and Bode plots, Fig. 
3 (a,b). An aggressive attack of HCl solution corroded 
mild steel enormously and made surface highly 

irregular, which could be easily detected by small 
phase angle. It decreases sharply with increasing 
immersion time approaching ~ 46o. This is also clear 
confirmed from Nyquist plots, where single slightly 
depressed semi-circles are observed (Fig. 3(a)), 
which indicates that electrochemical solid/liquid 
interface is having non-ideal capacitive behavior37. 
Also the presence of single time constant indicates 
that corrosion process is mainly charge transfer 
controlled38.

	 On the contrary, after addition of VitB1 and 
VitC to the acidic solution, adsorption of the inhibited 
molecules on mild steel effectively lowered surface 
roughness; as a result phase angle and impedance 
values increased, suggesting high corrosion 

Fig. 5: (a) Nyquist and (b) Bode plots of VitC, with immersion time 
in 0.5 M HCl solution starting from 30 min till 72 h at 37 °C
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resistance in presence of the inhibitors used, with 
increasing time. The Nyquist plots for corroded and 
inhibited mild steel have the same behavior, which 
suggests that the corrosion mechanism remains 
unchanged39. The only difference in the plots is 
that their diameters are larger in the presence of 
the inhibitors, which reveals that an enhancement 
occurs in the corrosion resistance of the mild steel. 
Nyquist and Bode plots of VitB1 and VitC, Fig. 4 
and 5 (a, b), respectively, revealed higher phase 
angles approaching 65° and higher capacitive 
behavior; reflecting the improvement of the corrosion 
resistance due to the presence of adsorbed inhibitor 
molecules at the interface.  The above results can 
be analyzed by using equivalent circuit as shown 
in Fig. 6. This circuit contains Rs (electrolyte 
resistance between the working electrode and 
the reference electrode), while R1 (represents the 
electrical resistance of the oxide layer) and CPE 
(constant phase element).The impedance of the 
phase element is defined as ZCPE = [C(jw)a]-1, where  
-1≤ a≤140. The value of a is associated with the 
surface roughness. The resistance and capacitance 
values are given in Table 2. The obtained results 
come in a good agreement with other reported data. 
Moreover; the mild steel lasted for 72 hours without 
corrosion in acidic medium, increasing its resistance 
by increasing immersion time41-43.  

Potentiodynamic polarization measurements
	 The anodic and cathodic (E-log i) plots 
(Fig. 7) in 0.5 M HCl acid for corroded and inhibited 
mild steel alloy were studied using potentiodynamic 
polarization techniques. The polarization curves 
showed a clear difference between the corroded 

and inhibited mild steel, the results are listed in 
Table 3. The corrosion potentials (Ecorr) of mild 
steel in presence of VitB1 were shifted toward less 
negative potentials, indicating enhancement in the 
corrosion resistance. Furthermore, it was observed 
that the corrosion current density (Icorr) in presence 
of the inhibitor was lower than that of corroded steel, 
confirming that both vitamins promoted corrosion 
resistance. This indicates a higher corrosion 
resistance of the inhibitors which calculated from the 
inhibition efficiency using the following equation:

100% Χ= °

° −

corr

corrcorr

i
iiIE

	 ...(1)

	 VitC provides protection of about 83% in 
corrosive medium was attributed to the adsorption 
of the l-dehydroascorbic acid (DHA) (an AA oxidation 
product) onto the mild steel surface. While VitB1 
provides protection of about 90 % in corrosive 
medium, due to its structure which contain S, N, 
and O electronegative atoms. Heteroatoms act 
as adsorption centers, causing an easier electron 
transfer from the functional groups to the mild steel 
surface which provides greater adsorption ability 
and inhibitory efficiency. It was concluded that 
addition of VitB1 and VitC in the acidic solution act 
as green inhibitors on the mild steel, and significantly 
promoted its resistance to corrosive degradation. 
The electrochemical parameters (Table 3) were 
obtained by analyzing the I/E data as described 
elsewhere44. 

	 The corrosion potential (Ecorr) and current 
density (icorr) were calculated by Tafel extrapolation 

Fig. 8: Frontier molecular orbitals : (a) VitB1, (b) VitC
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method for the cathodic and anodic branches of 
the polarization curves. The Ecorr as function of 
time data for VitB1 revealed that Ecorr was shifted 
toward more positive value, while icorr value was 
much lower than VitC and corroded steel. These 
results clearly support the previously obtained EIS 
results. Moreover, according to the electrochemical 
parameters (icorr, Ecorr, ba and bc) given in Table 3, it 
can be observed that the anodic Tafel slope (ba) 
increases with the addition of the inhibitors while the 
cathodic Tafel slope (bc) remains almost constant, 
this illustrates the high anodic corrosion inhibition 
and the high stability of the oxide film promoted by 
the inhibitors in acid solution, by blocking the reaction 
sites of the metal surface and decreasing the surface 
area responsible for corrosion. The positive shift 
of corrosion potential is evidently caused by the 
restriction of anodic reaction process. Furthermore, 
from the Tafel slopes (ba and -bc), corrosion rates 
were calculated to be 2.3 and 1.6 mm/year for VitC 
and VitB1, respectively, reflecting the corrosion 
resistance enhancement by replacing addition of 
the vitamins.

Computational chemistry calculations
	 Correlation between molecular structure 
and corrosion inhibition efficiency is investigated 
by using computational chemistry. The inhibition 
property of an inhibitor depends upon its molecular 
arrangement in space and also electronic structure 
of molecules45, 46. It is well known that, only the 
outer most molecular orbitals (LUMO and HOMO) 
are important for chemical adsorption as they are 
involved in interaction between the reactants (frontier 
molecular orbital theory). The difference between 
the energy levels of these orbitals can figure out the 
inhibition efficiency. It was reported that, effective 
corrosion inhibitors are those compounds which 
can donate electrons to the vacant d – orbital of the 
metal to form a coordinate/covalent bond and can 
also receive free electrons from the metal surface47, 

48. The ability of inhibitor is related to donate their 
electrons to metal surface is associated with the 
EHOMO values i.e. higher the EHOMO values easier will 
be the donation of electrons from inhibitor to empty 
metal d -orbitals. On the other hand, ability of inhibitor 
molecules to accept the electrons is associated with 
the ELUMO values i.e. lower its value easier will be 
the accommodation of additional negative charge 
by inhibitor molecules, which is given by filled metal 

d-orbital. Also stability index of any inhibitor is related 
to the energy difference between HOMO and LUMO 
i.e. DE= ELUMO - EHOMO. Thus, lower the DE values, 
higher will be the stability of inhibitor and metal 
surface interaction, i.e good inhibition efficiency. 
While, larger the DE values, lower reactivity to a 
chemical species49. 

	 In order to evaluate the adsorption ability of 
the inhibitor, dipole moment, ì, has to be calculated. 
In fact, the relation between dipole moment and 
inhibition efficiency has been interpreted in different 
ways. Some results have shown that greater dipole 
moment is responsible for greater corrosion inhibition 
efficiency50. On the contrary, other reports have 
stated that low values of dipole moment may favor 
the accumulation of inhibitor molecules on the 
metal surface51. In Table 4, computational chemical 
parameters related to the electronic structures of 
studied vitamins, such as total energy, EHOMO, ELUMO, 
-E (ELUMO–EHOMO) and ì have been presented. The 
results illustrated that VitB1 presents high value of 
EHOMO (- 2.365 eV), and low value of ELUMO (-9.036 
eV) which supports its highest inhibition efficiency. 
Figure 8 illustrates the frontier molecular orbitals for 
(a) VitB1, (b) VitC. The presence of electronegative 
atoms like S, N and O in the molecular structure 
of VitB1 is responsible for its inhibition efficiency, 
in which they help the molecule to be adsorbed 
easily to the mild steel surface.VitB1 possessed the 
higher dipole moment and inhibition efficiency than 
VitC which come in a good agreement with the best 
inhibition efficiency exhibited experimentally.

Thermodynamic explanation of inhibition
	 Organic molecules adsorbed on the metal 
by physical and/or chemical methods. In case of 
physical adsorption, electrostatic interaction occurs 
between charged metal surface and charged 
inhibitor molecules. While in chemical adsorption, 
inhibition occurs by donor– acceptor interactions 
between lone pair electron on the heteroatoms (S, 
N and O), p-electrons with vacant d- orbital’s of Fe 
52. The thermodynamic parameters of the inhibitors, 
DG0

ads, DH0
ads and DS0

ads are listed in Table 1. 
DH0

ads absolute values can determine whether the 
reaction is physical or chemical adsorption. For a 
physisorption process the enthalpy of adsorption 
should be equal to or less than 40 kJ mol-1 while, 
for chemisorption it is equal to or more than 100 
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kJ mol-153, 54. In our case, the calculated values of 
DH0

ads for Vit B1 and Vit C are above 100 kJ mol-1, 
thus the mode of adsorption is chemisorptions. The 
positive sign of DS0

ads arises from the substitution 
process which can be attributed to the increase in the 
solvent entropy and more positive water desorption 
entropy55.

CONCLUSION

1.	 SEM analysis shows a much smoother 
surface for inhibited mild steel than the 
uninhibited one.

2.	 The corrosion resistance had the highest 
values for VitB1 in 0.5 M HCl due to the high 
adsorption of the molecule which cover steel 
surface and blocks the reaction sites of the 
metal surface, protecting it from corrosion. 

3.	 Polarization measurements show that Vit B1 
and VitC inhibit both the anodic and cathodic 

reactions indicating that these are mixed type 
corrosion inhibitors. 

4.	 Nyquist and Bode plots depict that the charge 
transfer resistance increases and double 
layer capacitance declines in the presence 
of Vit B1 and VitC, confirming the adsorption 
of inhibitor molecules on the mild steel 
surface.

5.	 The  ca l cu la ted  pa rame te rs  us ing 
computational chemistry correlated well 
with the experimental results and indicated 
the chemisorption process.
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