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for this compound using electrochemical measurements. Potentiodynamic
polarization studies clearly reveal that methyl orange acts essentially as
mixed inhibitor. The inhibition efficiency increases with concentration. In
additionthe EIS showed the formation of a protective film. The adsorption of
methyl orange on carbon steel surface is found to obey Langmuir adsorption
isotherm. Scanning electron microscope (SEM) was used to study the surface
morphology of the carbon steel in 1 M HCI solution in the absence and
presence of methyl orange.

Introduction

Hydrochloric and sulphuric acids are extensively used in processes like acid pickling, acid cleaning, acid descaling
and oil well acidizing [1-2]. To ensure only surface scales and deposits are removed and base metal is unaffected,
inhibitor is used. Inhibitors are organic molecules which possess n-bonds, hetero atoms like nitrogen, sulphur and
oxygen [3-4]. The molecules containing both N and S can claim excellent inhibition compared with those containing
only N or S [5-6]. These inhibitors generally act by adsorbing on the metal surface. In acid media, electron rich
centers gets protonated to become cation electrostatically binds to cathodic sites of metal thereby hinders cathodic
reaction. Electron rich spots of unprotonated molecule finds anodic reactive sites thus reduce anodic reaction. Thus a
heterocyclic organic molecule comprehensively acts. Recently considerable amount of effort has been devoted to
develop novel and efficient corrosion inhibitors. Bis-thiadiazole derivatives [7], thiosemicarbazide derivatives
[8],benzimidazole derivatives [9], purines [10] have been verified to be efficient inhibitors for steel. Many N-
heterocyclic compounds, such as imidazoline derivatives [11], 1,2,3-trizaole derivatives [12], 1,2,4-trizaole
derivatives [13-17], tetrazole derivatives [18,19], pyrrole [20], pyridine derivatives [21-23], pyrazole derivatives
[24-27], bipyrazole derivatives [28,29], pyrimidine derivatives [30], pyridazine derivatives [31], indole derivatives
[32-34],benzimidazole derivatives [35-39], quinoline derivatives [40] and quinoxaline derivatives [41-45] have
been used for the corrosion inhibition of iron or steel in acidic media.

The present work was established to study the corrosion inhibition of carbon steel in 1M HCI solution by methyl
orange as corrosion inhibitor using different chemical and electrochemical techniques. The thermodynamic
parameters were calculated and discussed. Also surface examination was examined.

EXPERIMENTAL METHOD
A. Materials and Chemicals
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All experiments were tested using carbon steel specimens with chemical composition (weight %):0.200 % C, 0.350
% Mn, 0.024 % P, 0.003 % S, and the remainder Fe. All chemicals and reagents used are with analytical grade and
used without further purification (used as received).The aggressive solution used was made of AR grade HCI (37%).
Appropriate concentrations of acid were prepared using bidistilled water. 10° M stock solutions from the
investigated compound were prepared by dissolving the appropriate weights of the used chemically pure solid
compound in hot bidistilled water.

B. Weight loss measurements

Weight loss measurements were performed on the carbon steel samples with a rectangular form of size 2.5 cm x 2.0
cm x 0.025 cm in 1M HCI solution with and without addition of different concentrations of methyl orange. Carbon
steel coupons were abraded with emery paper up to 1200 grade size to give a mirror-like surface, then washed with
bidistilled water and acetone, then dried between filter paper.Every sample was weighed by an electronic balance,
and then placed in the acid solution (100 mL). The duration of the immersion was 3 h at the temperature range from
25 to 50°C. After immersion, the surface of the specimen was cleaned by bidistilled water followed rinsing with
acetone and the sample was weighed again in order to calculate the corrosion rate and the inhibition efficiency (%
IE). The experiments were done in triplicate and the average value of the weight loss was noted. For each
experiment, a freshly prepared solution was used and the solution temperature was thermostatically controlled at a
desired value. The aggressive solutions (1M HCI) were prepared by dilution of an analytical grade HCI (37 %) with
bidistilled water. The surface coverage (0) and inhibition efficiency (%IE) was determined by using following
equation:

% IE =0 x 100 = [1-(Wi/W,)] x 100 (1)

where Wi and WO are the weight loss values in presence and absence of inhibitor, respectively.

C. Electrochemical measurements

Electrochemical measurements, including potentiodynamic polarization curves, electrochemical frequency
modulation (EFM) and electrochemical impedance spectroscopy (EIS) were performed in three electrode cell
assembly at room temperature (25+1°C). The carbon steel of 1 cm?® was the working electrode, platinum electrode
was used as an auxiliary electrode, and standard calomel electrode (SCE) was used as reference electrode. The
working electrode was abraded with different grades of emery papers, washed with water and degreased with
acetone. Prior to the electrochemical measurement, a stabilization period of 30 minute was allowed, which was
proved to be sufficient to attain a stable value of E,,. For polarization measurements potential was applied from +
500 mVsce (relative to open circuit with a scan rate of 1 mVs™'.The (% IE) is calculated using the following
equation [46, 47]:

%IE= 0x100 = [1-( icorr(inh)/ icorr(free) ) 1 %100 2

Whereicor (free)lS COrrosion current density in the absence of methyl orange and icor(innyis the corrosion current density
in presence of different concentrations of methyl orange.

The EIS spectra were recorded at open circuit potential (OCP) after immersion the electrode for 30 min in the test
solution. The AC signal was 5 mV peak to peak and the frequency range studied was between 100 kHz and 0.2 Hz.
The inhibition efficiency (% IE) and the surface coverage (0) of the used inhibitor obtained from the impedance
measurements can be calculated by applying the following relations:

% IE =6 x100=[1- (R°4/ Ry)] x 100 (3)

Where R°; and Ry, are the charge transfer resistances in the absence and presence of inhibitor, respectively.
Electrochemical measurements were performed by using Gamry (PCl 300/4) instrument Potentiostat /
Galvanostat/ZRA which includes a Gamry frame work system based on ESA400 Gamry applications include DC
105 for corrosion measurements and EIS 300 for electro chemical impedance spectroscopy and EFM 140 software
along with a computer for collecting data, ECHEM analyst 5.58 software was used for plotting, graphing and fitting
data.

RESULTS AND DISCUSSION

A. Weight loss measurement

Figure 1 represents the weight loss-time curves carried out at temperature 25°C in 1 M HCI with the absence and the
presence of different concentrations of methyl orange for an immersion period of 3 hours.Methyl orange showed
maximum inhibition efficiency of 91.5% in HCI and at an optimum concentration of 15 x 10°® M. Further increase in
methyl orange concentration did not cause any significant change in the performance of the inhibitor. The values of
percentage inhibition efficiency (%IE) and corrosion rate (C.R.) obtained from weight loss method at different
concentrations of methyl orange at 25°C are summarized in Table 1. The results of Table 1 showed that as the
methyl orange concentration increases the corrosion rate decreases and inhibition efficiency increases.
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B. Potentiodynamic polarization measurements

Polarization curves for carbon steel in presence and absence of different concentrations of methyl orange are shown
in Figure 2. The extrapolation of Tafel straight line allows the calculation of the corrosion current density (icor). The
values of iy, the corrosion potential (Ecoy), cathodic and anodic Tafel slopes (B¢, Ba) and inhibition efficiency
(%lE)are given in Table 2.The small change in B, and B, values as shown in Table 2 indicates that adsorption of
methyl orange does not modify the mechanism of anodic dissolution as well as cathodic hydrogen evolution[48, 49].
From the Figure 2, it is clear that both the cathodic and anodic reactions are inhibited and the inhibition increases as
the inhibitor concentration increases in acid media, but the cathode is more polarized. From the Table 2, it is clear
that there was no definite trend in the shift of E,, values, in the presence of various concentrations of methyl orange
in 1 M HCI solution. This result indicated that methyl orange can be classified as mixed type of inhibitor in 1 M HCI
solution [50, 51].

C. Electrochemical impedance spectroscopy (EIS) measurements

The Nyquist and Bode plots of carbon steel obtained in 1 M HCI solution in the absence and presence of various
concentrations of methyl orange and the data obtained are given in Figures 3& 4, respectively. The related
electrochemical parameters were calculated and are shown in Table 3 at open circuit potential in presence and
absence of different concentrations of methyl orange (Figure 3). Single distorted semicircles were observed in
Nyquist plots suggesting a simple R-C circuit (Figure 5).Increase the methyl orange concentrations decreased the
double layer capacitance values (Table 3). Higher charge transfer resistances indicate the decrease in corrosion
current densities. The percentage inhibition efficiencies increased with methyl orange concentrations. The values of
double layer capacitance (Cq4) were decreased and the charge transfer resistance (R.) increased with inhibitor
concentration,which refer to an increasing in thickness of electrical double layer which may corresponding with a
decreasing in local dielectric constant , the higher R value is indicating the lower corrosion state [52]. The
appearance of depressed semicircle is due to high frequency dispersion [53] or due to surface heterogeneity or
corrosion products covering the surface at random sites [54]. Both the electrochemical methods offered nearly same
% IE values for both inhibitors.

D. Electrochemical frequency modulation (EFM) measurements

EFM is a nondestructive corrosion measurement technique that can directly give values of corrosion current
depending on the non-linear nature of the corrosion process, since corrosion is non-linear so the current responses
due to a potential perturbation by one or more sine waves will be measure at more frequencies than the applied
signal’s frequencies [55]. The inhibition efficiency was determined using the following equation:

% IE= 6x100 = [1-( icorr(inh)/ icorr(free) ) 1 %100 (4)

Figure 6 (a-f) shows the frequency spectrum of the current response of carbon steel in absence and presence
of different concentrations of methyl orange. EFM results are spectrum of current that response as a function of
frequency, the large peaks were used to calculate the corrosion current density (i) , Tafel slopes (B.&pB, ) and
causality factors ( CF-2 and CF-3) calculated values are given in Table 4. From this Table, it is clear that i, values
decrease with increasing the inhibitor concentration but the inhibition increases with increasing its concentration.
The great strength of the EFM is the causality factors which serve as an internal check on the validity of the EFM
measurement [56]. The causality factors obtained under different experimental conditions are approximately equal
to the theoretical values (2 and 3) indicating that the measured data are verified and of good quality [57]. The data
obtained from polarization and impedance measurements are in good agreement with the results obtained from
EFM.

E. Adsorption isotherms

Methyl orange molecules have adsorbed on the carbon steel surface due to Vander Waals forces. The presence of
extensively delocalized m-electrons of the phenyl rings and presence of lone pair of electrons on N atoms have
favoured greater adsorption [58]. Adsorptions of this organic molecule have displaced the water molecules from the
metal surface. The interaction between the organic molecule and the metal surface are obtained from various
isotherms. Percentage inhibition efficiency was obtained from weight loss measurements as surface coverage (6).
According to the Langmuir adsorption isotherm, the surface coverage (6) is related to inhibitor concentration (C) by
the following equation:

C/0=1/Kgs + C (5)

Where K, is the equilibrium constant. Figure 7 presents the plot of C/6 versus C for both the inhibitors. A straight
line fits with a correlation of 0.999 suggests the adsorption obeys Langmuir adsorption isotherm. Using K,qs value,
(AG®4gs) was calculated from the following equation:

AG®,gs = -RT In 55.5 Kigs (6)
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Where R is the gas constant and 7' is the absolute temperature. The value of 55.5 is the concentration of water in solution
in lyl'l. To calculate heat of adsorption (AH ,4) a plot of log Kygs vs. 1/T was done (Fig.8) the slope would be equal to
AH /R according to the following equation:

Log Kags = (-A H®,4s/2.303RT) + constant )
The entropy of adsorption (AS®,s), can be obtained from the following equation:
AG®ags = AHCgs =T AS®yqs (8)

The values of equilibrium constant (K,gs), standard free energy of adsorption (AG®,qs), enthalpy of adsorption (AH®4s) and
entropy of adsorption (AS°,s) are listed in Table 5. The negative values of standard free of adsorption indicated
spontaneous adsorption of methyl orange on carbon steel surface and stability of the adsorbed layer on the alloy surface.
Generally the values of AG®s less than —20 kJmol™ are consistent with physisorption, while those greater than — 40 kJ
mol™ correspond to chemisorption [59]. The calculated standard free energy of adsorption values for the methyl orange
are in the range of —42.5 and —43.8 kJ mol* and it can be concluded that the adsorption of methyl orange on carbon steel
surface is both physical and chemical, and chemisorption predominates [60, 61]. The negative sign of AH 5 reveals that
the adsorption of inhibitor molecules is an exothermic process. Generally, an exothermic adsorption process suggests
either physisorption or chemisorption while endothermic process is attributed to chemisorption [62]. The unshared
electron pairs in investigated molecules may interact with d-orbitals of carbon steel to provide a protective chemisorbed
film [63] In the case of methyl orange, the absolute values of enthalpy are relatively high, and not approaching those of
chemisorption. The values of AS . in the presence of investigated compounds are large and negative that is accompanied
with exothermic adsorption process [64].

F. Effect of temperature and activation parameters

The dependence of corrosion current density on the temperature can be expressed by Arrhenius equation:

k=Aexp (-E,/RT) 9)

where A is the pre-exponential factor and E, is the apparent activation energy of the corrosion process. Arrhenius
plot obtained for the corrosion of carbon steel in HCI solution is shown in Fig. 9 presents the Arrhenius plot in the
presence of different concentrations of methyl orange. Values determined from the slopes of these linear plots are
shown in Table 6. The linear regression (R?) is close to 1 which indicates that the corrosion of carbon steel in 1 M
HCI solution can be elucidated using the kinetic model. Table 6 showed that the value of for inhibited solution is
higher than that for uninhibited solution, suggesting that dissolution of carbon steel is slow in the presence of
inhibitor and can be interpreted as due to physical adsorption [65]. It is known from Eqg. 9 that the higher values lead
to the lower corrosion rate. This is due to the formation of a film on the carbon steel surface serving as an energy
barrier for the carbon steel corrosion [66]. Enthalpy and entropy of activation (AH", AS") of the corrosion process
were calculated from the transition state theory (Table 6):

Rate = (RT/ Nh) exp (AS'/R) exp (-AH"/RT) (10)

Where h is Planck’s constant and N is Avogadro's number.

A plot of log (k/T) vs. L/T for C-steel in 1 M HCI at different concentrations of methyl orange, gives straight lines
as shown in Fig. 10. Values of AH* are positive. This indicates that the corrosion process is an endothermic one.
The entropy of activation is large and negative. This implies that the activated complex represents association rather
than dissociation step, indicating that a decrease in disorder takes place, going from reactants to the activated
complex [67].

G. Scanning electron microscopy (SEM)

The effect of corrosion on the surface morphology of the carbon steel sample was analyzed by recording
the SEM images of the steel samples in 1M hydrochloric acid for 3 hours of immersion in the absence and presence
of 15x10° M of methyl orange. Fig. 11 shows SEM images of (a) polished carbon steel with the characteristic
features of the polishing lines, Fig. 11(b) damaged carbon steel with rough surface due to attack of hydrochloric acid
and Fig.11 (c) carbon steel in presence of 1M hydrochloric acid and 15x10° M of methyl orange. It can be seen that
the steel surface is less damaged in presence of methyl orange compared to carbon steel surface dipped in 1M
hydrochloric acid solution without inhibitor. Thus it can be concluded that methyl orange protects the steel
effectively by forming a uniform film on the surface of carbon steel.
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Table (1): Inhibition efficiencies (%IE) and corrosion rates (C.R.) of carbon steel in 1 M HCI in presence of
different concentrations of methyl orange at 25°C

Compound [ inhibitor] Corrosion rate(C.R.) Efficiency (% IE )
M A

Methyl orange

Table (2): Electrochemical data obtained from Tafel plots for carbon steel in 1 M HCI with different methyl
orange concentrations at 25°C

Table (3): EIS data of carbon steel in 1 M HCI with absence and presence of different concentrations of
methyl orange at 25 C
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Table (4): EFM data of C-steel in 1 M HCI with absence and presence of different concentrations of methyl
orangeat25C

Table (5): Equilibrium constant and adsorption free energy of the methyl orange adsorbed on carbon steel

via Langmuir isotherm

Methyl

orange

Table (6): Activation parameters of the corrosion of carbon steel in 1 M HCI different concentrations of

methyl orange

Blank 57.8 55.1 85.07
5x10° 77.0 74.3 29.24
7 x10° 82.2 79.6 14.46
9x10°® 83.9 81.4 9.70

11x10° 87.0 84.4 1.158
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Table (7): surface composition (weight %) of carbon steel after 3 days of immersion in 1 M HCI solution in
the absence and presence of 11x10° M methyl orange

(Mass %)

Fresh sample

Blank

Methyl Orange

H. Energy Dispersion X-ray Spectroscopy (EDX)

Figures 12(a)-12(c) show the EDX spectrum in the absence and presence of methyl orange. In the presence of
methyl orange, Figures 12(b) and 12(c), EDX spectra show an additional line characteristic for the existence of N
and S. In addition, the intensities of C, and O signals are enhanced. The appearance of the N and S signal and this
enhancement in the C and O signals is due to the N, S, C and O atoms constituting the methyl orange which indicate
that the inhibitor molecules have adsorbed on the metal surface. Data obtained from the spectra are presented in
Table 7. The spectra show also that Fe peaks are considerably suppressed in the presence of inhibitor which is due to
the overlying inhibitor film. These results confirm those from electrochemical measurements which suggest that a
surface film inhibits the metal dissolution, and hence retarded the hydrogen evolution reaction [68, 69].

Mechanism of corrosion inhibition

The adsorption of organic molecules on the steel surface cannot be considered only as purely physical or chemical
adsorption phenomenon. In addition to the chemical adsorption, inhibitor molecules can also be adsorbed on the
steel surface via electrostatic interaction between the charged carbon steel surface and charged inhibitor molecule if
it is possible [70]. The corrosion inhibition property of methyl orange through adsorption on the surface of the
carbon steel can be attributed to the presence of electronegative atoms nitrogen, oxygen, sulphur and also the
presence of © electrons on the benzene ring. The carbon steel surface is positively charged in highly acidic medium.
The mechanism of adsorption of methyl orange can be predicted on the basis of the mechanism proposed for the
corrosion of carbon steel in hydrochloric acid [71]. According to this mechanism, anodic dissolution of carbon steel
involves following steps: In highly acidic solutions, the methyl orange molecule undergoes protonation and can exist
as a protonated positive species. The protonated species gets adsorbed on the cathodic sites of the steel surface
through electrostatic interaction, thereby decreasing the rate of the cathodic reaction. The presence of anions in the
solution and their adsorption on the steel surface play an important role in the mechanism of inhibition exhibited by
the organic compounds [72]. In a highly acidic medium like the one in the present investigation, the steel surface is
positively charged. The protonated species causes the negatively charged chloride ions to get adsorbed on the alloy
surface, making the steel surface negatively charged. The positively charged protonated methyl orange molecules
interact electrostatically with the negatively charged chloride adsorbed steel surface, resulting in physisorption. The
negative charge centers of the methyl orange molecules containing a lone pair of electrons andm-electrons can
electrostatically interact with the anodic sites on the carbon steel surface and get adsorbed. The neutral inhibitor
molecules occupy the vacant adsorption sites on the alloy surface through the chemisorption mode involving the
displacement of water molecules from the carbon steel surface and sharing of electrons by the hetero atoms like
nitrogen and oxygen. The presence of methyl orange in the protonated form and the presence of negative charge
centers on the molecule are also responsible for the mutual interaction of inhibitor molecules on the steel surface. In
acidic solution, the nitrogen and oxygen atoms of the methyl orange molecules can absorb on the cathodic sites of
steel in competition with the hydrogen ions.
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Figure (1): Weight loss-time curves for the corrosion of C-steelin1 M HClin the

absence and presence of different concentrations of methyl orange at 25°C
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Figure (2):Potentiodynamic polarization curves for the dissolution of C- steelin 1 M HCl in

the absence and presence of different concentrations of methyl Orange at 25°C
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Figure (4): The Bode plots of carbon steel in 1 M HCI with or without methyl orange at 25°C
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Figure (5): Electrical equivalent circuit model used to fit the results of impedance
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Figure (6a): EFM spectra for C-steel in 1 M HCI (Blank)
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Figure (6b): EFM spectra for C-steel in 1 M HCI in presence of 7 x 10° M of methyl orange
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Figure (6c): EFM spectra for C-steel in 1 M HCI in presence of 9 x 10°° M of methyl orange
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Figure (6d): EFM spectra for C-steel in 1 M HCI in presence of 11 x 10°® M of methyl orange
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Figure (6e): EFM spectra for C-steel in 1 M HCI in presence of 13 x 10° M of methyl orange.
Figure (6f): EFM spectra for C-steel in 1 M HCI in presence of 15 x 10° M of methyl orange
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Figure (7): Langmuir adsorption isotherm of methyl orange on C-steel surface in1 M HCI at
different temperatures
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Figure (9): Arrhenius plots for C-steel corrosion rates (Kcorr.) after 120 min of immersion in 1 M

HCI in the absence and presence of various concentrations of methyl orange
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Figure (10): Transition-state for C-steel corrosion rates (Keorr) in 1 M HCI in the absence and
presence of various concentrations of methyl orange
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Figure (12): Shows EDS analysis of a C-steel surface alone without any additives (a) and after3 days
immersion in alM HCI solution (b ) and ( ¢ ) after 3 days immersion ina 1 M HCI in presence of 15

x10° M of methyl orange

CONCLUSIONS

The investigated methyl orange acts as inhibitor for the corrosion of carbon steel in hydrochloric acid solution.
Methyl orange adsorbs on carbon steel surface according to the Langmuir adsorption isotherm. The inhibitor
increases the value of activation energy of corrosion and consequently, decreases the rate of dissolution of carbon
steel in HCI solution. Polarization data showed that this investigated methyl orange acted as mixed-type inhibitor.
The inhibition efficiencies obtained from electrochemical and chemical measurements are in good agreement with
each other.
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