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Abstract— The role of  some  nicotinonitrile   derivatives as corrosion inhibitors for C- steel in 2  M HCl have been studied 

using weight loss, potentiodynamic polarization, electrochemical impedance spectroscopy (EIS) and electrochemical frequency 

modulation (EFM) techniques. Polarization studies were carried out at room temperature and showed that all the compounds 

studied are mixed type inhibitors. The effect of temperature on corrosion inhibition has been studied and the thermodynamic 

activation and adsorption parameters were calculated to elaborate the mechanism of corrosion inhibition. The morphology of 

inhibited C- steel was analysed by scanning electron microscope technology with energy dispersive X-ray spectroscopy (SEM–

EDX). Electrochemical impedance was used to investigate the mechanism of corrosion inhibition. The presence of these com-

pounds in the solution decreases the double layer capacitance and increases the charge transfer resistance. The adsorption of the 

compounds on C-steel surface was found to obey Temkin’s adsorption isotherm. The mechanism of inhibition process was dis-

cussed.  
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1 INTRODUCTION                                                                     
cid solutions are widely used in industry, the most im-
portant fields of application being acid pickling, indus-
trial acid cleaning, acid decaling and oil well acidizing. 

Because of the general aggressivity of acid solutions, inhibitors 
are commonly used to reduce the corrosive attack on metallic 
materials. Most of the well-known acid inhibitors are organic 
compounds containing N, O, P, S and aromatic ring or triple 
bonds. It was reported before that the inhibition efficiency 
decreases in the order: O < N < S < P [1-4].  In general, organic 
compounds are effective inhibitors of aqueous corrosion of 
many metals and alloys. The use of chemical inhibitors to de-
crease the rate of corrosion processes of carbon steels is quite 
varied [5-9]. A variety of organic compounds containing het-
eroatoms such as O, N, S and multiple bonds in their molecule 
are of particular interest as they give better inhibition efficien-
cy than those containing N or S alone [10,11]. Sulfur and/or 
nitrogen containing heterocyclic compounds with various 
substituents are considered to be effective corrosion inhibitors. 
Hydrazide derivatives offer special affinity to inhibit corrosion 
of metals in acid solutions [12-15]. Azoles have been intensive-
ly investigated as effective steel corrosion [16-21]. The present 
work aims to characterize the effect of some nicotinonitrile   

derivatives as a green corrosion inhibitor of C- steel in 2  M 
HCl using weight loss measurements and electrochemical 
methods include potentiodynamic polarization, electrochemi-
cal impedance spectroscopy  (EIS) and electrochemical fre-
quency modulation (EFM). 
2 EXPERIMENTAL 
2.1. COMPOSITION OF MATERIAL SAMPLES 
Table (1): Chemical composition (wt %) of the carbon steel. 
 
 
 
 
2.2. CHEMICALS 
A- HYDROCHLORIC ACID. (BDH GRADE). 
B- ORGANIC ADDITIVES 

The organic inhibitors used in this study were some 

nicotinonitrile   compounds, listed in the following Table (2). 

A 
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Table (2): Chemical structures, names, molecular formulas and 

molecular weights of inhibitors. 

 
 
 
 
 
 
 
 

  
 
 
 
 
2.3. Methods used for corrosion measurements 
 
2.3.1. Weight loss tests 
  

 For weight loss measurements, square specimens of size 

2 cm x 2 cm x 0.3 cm were used. The specimens were abraded 

with SiC papers grit sizes (400, 800 and 1200), degreased with 

acetone l. Then rinsed several times with bidistilled water, and 

finally dried between two filter papers. The weight loss meas-

urements were carried out in a 100 ml capacity glass beaker 

placed in a thermostat water bath. The specimens were then 

immediately immersed in the test solution without or with 

desired concentration of the investigated compounds. Tripli-

cate specimens were exposed for each condition and the mean 

weight losses were reported.  

 
2.3.2. Potentiodynamic polarization measurements 
          

Polarization experiments were carried out in a conven-

tional three-electrode cell with a platinum counter electrode 

and a saturated calomel electrode (SCE) coupled to a fine 

Luggin capillary as the reference electrode. The working elec-

trode was in the form of a square cut from c-steel sheet em-

bedded in epoxy resin of polytetrafluoroethylene so that the 

flat surface area was 1.0 cm x 1.0 cm. The working electrode 

was abraded with SiC papers grit sizes up to 1200. Before 

measurement, the electrode was immersed in solution at natu-

ral potential for 30 min. until a steady state was reached.  

The potential was started from –500 mV to +500 mV vs. 

open circuit potential (Eocp). All experiments were carried out 

in freshly prepared solutions at room temperature and results 

were always repeated at least three times to check the repro-

ducibility. 

 
2.3.3. Electrochemical Impedance Spectroscopy measurements 
            

All EIS measurements were performed at open circuit po-

tential Eocp at 25±1 oC over a wide frequency range of (2x10+4 

Hz to 8x10-2 Hz). The sinusoidal potential perturbation was 10 

mV in amplitude peak to peak.  

 
2.3.4. Electrochemical Frequency Modulation Technique 
        
         EFM experiments were performed with applying poten-

tial perturbation signal with amplitude 10 mV with two sine 

waves of 2 and 5 Hz. The choice for the frequencies of 2 and 

5Hz was based on three arguments [22]. The larger peaks were 

used to calculate the corrosion current density (jcorr), the Tafel 

slopes (βc and βa) and the causality factors CF2 and CF3 [23]. 

All electrochemical experiments were carried out using Gamry 

instrument PCI300/4 Potentiostat/Galvanostat/Zra analyzer, 

DC105 Corrosion software, EIS300 Electrochemical Impedance 

Spectroscopy software, EFM140 Electrochemical Frequency 

Modulation software and Echem Analyst 5.5 for results plot-

ting, graphing, data fitting and calculating. 

 

 
2.3.5. SEM-EDX Measurement 

The c-steel  surface was prepared by keeping the speci-

mens for 3 days in 2M HCl  in presence and absence of opti-

mum concentration of some nicotinonitrile derivative, after 

abraded mechanically using different emery papers up to 1200 

grit size. Then, after this immersion time, the specimens were 

washed gently with distilled water, carefully dried and 

mounted into the spectrometer without any further treatment. 

The corroded alloy surfaces were examined using an X-ray 

diffractometer Philips (pw-1390) with Cu-tube (Cu Ka1, l = 

1.54051 A°), a scanning electron microscope (SEM, JOEL, JSM-

T20, Japan).  

1511

IJSER

http://www.ijser.org/


International Journal of Scientific & Engineering Research Volume 4, Issue 11, November-2013                                                                                  
ISSN 2229-5518 
 

IJSER © 2013 
http://www.ijser.org  

 
3. Results and discussion   

3.1. Weight loss measurements 

Weight loss of C-steel, in mg cm-2 of the surface area, was 

determined at various time intervals in the absence and pres-

ence of different concentrations (1×10-6 - 11×10-6 M) of the 

some nicotinonitrile   derivatives (1-3). The curves obtained in 

the presence of different concentrations of inhibitors fall sig-

nificantly below that of free acid as shown in Fig. (1). Similar 

behaviors were obtained for the other inhibitors (not shown). 

Values of % IE are tabulated in Table (3). In all cases, the in-

crease in the inhibitor concentration was accompanied by a 

decrease in the weight loss and an increase in % IE. These re-

sults lead to the conclusion that, these compounds under in-

vestigation are fairly efficient as inhibitors for C-steel dissolu-

tion in HCl solution. Careful inspection of these results 

showed that, at the same inhibitor concentration, the ranking 

of the inhibitors according to % IE is as follow: 

1 > 2 >  3  
 

 HELPFUL HINTS 
6.1 Figures and Tables 
Because IJSER staff will do the final formatting of your  

not use color unless it is necessary for the proper  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

 

 

 

 

 

 

 
3.1.1. Adsorption isotherm 

Assuming the corrosion inhibition was caused by the 

adsorption of  some nicotinonitrile   derivatives, and the val-

ues of surface coverage for different concentrations of inhibi-

tors in 2 M HCl were evaluated from weight loss measure-

ment using the following equation: 

θ = [weight loss (pure) – weight loss (inh.) / weight loss  (pure)]           (1)  

From the values of (Ө), it can be seen that the values of 

(Ө) increased with increasing the concentration of some nico-

tinonitrile   derivatives. Using these values of surface cover-

age, one can utilize different adsorption isotherms to deal with 

experimental data. The Temkin adsorption isotherm was ap-

plied to investigate the adsorption mechanism, by plotting (Ө) 

vs. log C, and straight lines were obtained (Fig. 2).  

The thermodynamic parameters for the adsorption pro-

cess that were obtained from this  Figure is shown in Table (4). 

The values of ∆GRadsR are negative and increased as the % IE 

increased which indicate that these investigated compounds 

are strongly adsorbed on the C- steel surface and show the 

spontaneity of the adsorption process and stability of the ad-

sorbed layer on the C-steel surface. Generally, values of ∆GRadsR 

up to −20 kJ molP

-1 
Pare consistent with the electrostatic interac-

tion between the charged molecules and the charged metal 

(physical adsorption) while those more negative than −40 kJ 

molP

-1 
Pinvolve sharing or transfer of electrons from the inhibitor 

molecules to the metal surface to form a coordinate type of 

bond (chemisorptions) [24].P

 
PThe values of ∆GRadsR obtained were 

approximately equal to −40 ± 1 kJ molP

-1
P, indicating that the 
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adsorption mechanism of the some nicotinonitrile derivatives 

on C- steel in 2 M HCl solution involves both electrostatic ad-

sorption and chemisorptions [25]. The thermodynamic param-

eters point toward both physisorption (major contributor) and 

chemisorptions (minor contributor) of the inhibitors onto the 

metal surface. The Kads follow the same trend in the sense that 

large values of Kads imply better more efficient adsorption and 

hence better inhibition efficiency [26]. 

 

 

 

 

3.1.2. Effect of Temperature 

Corrosion reactions are usually regarded as Arrhenius 

processes and the rate (k) can be expressed by the relation: 

      log k = A − 
Ea  

                                              (2) 
2.303 RT 

where: ERaR is the activation energy of the corrosion process R is 

the universal gas constant, T is the absolute temperature and 

A is a Arrhenius pre-exponential constant depends on the 

metal type and electrolyte. Arrhenius plots of log k vs. 1/T for 

carbon steel in 2 M HCl in the absence and presence of differ-

ent concentrations of compound (1) is shown graphically in 

Fig. (3), similar behaviors were obtained for other compounds. 

The variation of log k vs. 1/T is a linear one and the values of 

ERaR obtained are summarized in Table (5). These results suggest 

that the inhibitors are similar in the mechanism of action. The 

increase in ERaR with the addition of concentration of inhibitors 

(1-3) indicating that the energy barrier for the corrosion reac-

tion increases. It is also indicated that the whole process is 

controlled by surface reaction, since the activation energy of 

the corrosion process is over 20 kJ molP

-1 
P[27]. 

Enthalpy and entropy of activation (∆ΗP

∗
P, ∆SP

∗
P) are calcu-

lated from transition state theory using the following equation 

[28]: P

  

 
 

     k =  
RT 

exp( 
∆SP

∗ 
) exp( 

−∆HP

∗ 
)                                (3) 

Nh R RT  
 

Where, h is Plank’s constant, N is Avogadro’s number. A 

plot of log k/T vs. 1/T also gave straight lines as shown in Fig. 

4 for carbon steel dissolution in 2 M HCl in the absence and 

presence of  different concentrations  of compound (1), similar 

behaviors were obtained for other compounds. The slopes of 

these lines equal −∆ΗP

∗
P/2.303R and the intercept equal log 

RT/Nh + (∆SP

∗
P/2.303R) from which the value of ∆ΗP

∗
P and ∆S P

∗
P 

were calculated and tabulated in Table (5). From these results, 

it is clear that the presence of the tested compounds increased 

the activation energy values and consequently decreased the 
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corrosion rate of the carbon steel. These results indicate that 

these tested compounds acted as inhibitors through increasing 

activation energy of carbon steel dissolution by making a bar-

rier to mass and charge transfer by their adsorption on carbon 

steel surface. The values of ∆Η∗ reflects the strong adsorption 

of these compounds on carbon steel surface. The values of ∆S∗ 

in absence and presence of the tested compounds are large 

and negative; this indicates that the activated complex in the 

rate-determining step represents an association rather than 

dissociation step, meaning that a decreases in disordering 

takes place on going from reactants to the activated complex 

and the activated molecules were in higher order state than 

that at the initial state [29,30]. 
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3.2. Potentiodynamic polarization 
 

Anodic and cathodic polarizations were carried out poten-

tiodynamic in unstirred 2 M HCl solution in the absence and 

presence of various concentrations of the inhibitors (1- 3) at 

298 K over potential range 300 mV ± OCP. The results are rep-

resented in Fig. 5 for compound (1), similar behaviors were 

obtained for other compounds. The obtained potentiodynamic 

polarization parameters are given in Table (6). These results 

indicate that the cathodic and anodic curves obtained exhibit 

Tafel-type behavior. Additionally, the form of these curves is 

very similar either in the cathodic or in the anodic side, which 

indicates that the mechanisms of carbon steel dissolution and 

hydrogen reduction apparently remain unaltered in the pres-

ence of these additives. Addition of anhydride  compounds 

decreased both the cathodic and anodic current densities and 

caused mainly parallel displacement to the more negative and 

positive values, respectively, i.e. the presence of anhydride 

derivatives in solution inhibits both the hydrogen evolution 

and the anodic dissolution processes with overall shift of Ecorr 

to more negative v 

alues with respect to the OCP. 

The results also show that the slopes of the anodic and the 

cathodic Tafel slopes (βa and βc) were slightly changed on 

increasing the concentration of the tested compounds. This 

indicates that there is no change of the mechanism of inhibi-

tion in presence and absence of inhibitors. The fact that the 

values of βc are slightly higher than the values of βa suggest-

ing a cathodic action of the inhibitor. This could be interpreted 

as an action of mixed inhibitor control over the electrochemi-

cal semi-reactions. This means that the anhydride derivatives 

are mixed type inhibitors, but the cathode is more preferential-

ly polarized than the anode. The higher values of Tafel slope 

can be attributed to surface kinetic process rather the diffu-

sion-controlled process [31]. The constancy and the parallel of 

cathodic slope obtained from the electrochemical measure-

ments indicate that the hydrogen evolution reaction was acti-

vation controlled [32] and the addition of these derivatives did 

not modify the mechanism of this process. This result suggests 

that the inhibition mode of the anhydride derivatives used 

was by simple blockage of the surface by adsorption. 
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3.3. Electrochemical Impedance Spectroscopy 
 

Impedance diagram (Nyquist) at frequencies ranging 

from 1 Hz to 1 kHz with 10 mV amplitude signal at OCP for 

carbon steel in 2 M HCl in the absence and presence of differ-

ent concentrations of compounds (1-3) are obtained. The 

equivalent circuit that describes our metal/electrolyte inter-

face is shown in Fig. 6 where Rs, and Rct refer to solution re-

sistance and charge transfer resistance, respectively. EIS pa-

rameters and % IE were calculated and tabulated in Table (7). 

In order to correlate impedance and polarization methods, icorr 

values were obtained from polarization curves and Nyquist 

plots in the absence and presence of different concentrations of 

compounds (1-3) using the Stern-Geary equation: 

 

         icorr = 
βa βc 

                               (4) 
2.303 (βa + βc) Rct 

 

The obtained Nyquist plot for compound (1) is shown in 

Fig. 7. Each spectrum is characterized by a single full semicir-

cle. The fact that impedance diagrams have an approximately 

semicircular  

appearance shows that the corrosion of carbon steel is con-

trolled by a charge transfer process. Small distortion was ob-

served in some diagrams, this distortion has been attributed to 

frequency dispersion [33]. The diameters of the capacitive loop 

obtained increases in the presence of some nicotinonitrile de-

rivatives, and were indicative of the degree of inhibition of the 

corrosion process [34]. 

It was observed from the obtained EIS data that Rct in-

creases and Cdl decreases with the increasing of inhibitor con-

centrations. The increase in Rct values, and consequently of 

inhibition efficiency, may be due to the gradual replacement of 

water molecules by the adsorption of the inhibitor molecules 

on the metal surface to form an adherent film on the metal 

surface. And this suggests that the coverage of the metal sur-

face by the film decreases the double layer thickness. Also, this 

decrease of Cdl at the metal/solution interface with increasing 

the inhibitor concentration can result from a decrease in local 

dielectric constant which indicates that the inhibitors were 

adsorbed on the surface at both anodic and cathodic sites [35]. 

The impedance data confirm the inhibition behavior of the 

inhibitors obtained with other techniques. From the data of 

Table (7), it can be seen that the icorr values decrease signifi-

cantly in the presence of these additives and the % IE is great-

ly improved. The order of reduction in icorr exactly correlates 

with that obtained from potentiostatic polarization studies. 

Moreover, the decrease in the values of icorr follows the same 

order as that obtained for the values of Cdl. It can be conclud-

ed that the inhibition efficiency found from weight loss, polar-

ization curves, electrochemical impedance spectroscopy 

measurements and the Stern-Geary equation are in good 

agreement. 
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Figure axis labels are often a source of confusion.  

 

 

 

3.4. Electrochemical Frequency Modulation Technique (EFM) 
 

EFM is a nondestructive corrosion measurement tech-

nique that can directly and quickly determine the corrosion 

current value without prior knowledge of Tafel slopes, and 

with only a small polarizing signal. These advantages of EFM 

technique make it an ideal candidate for online corrosion mon-

itoring [36].       

The great strength of the EFM is the causality factors 
which serve as an internal check on the validity of EFM meas-
urement. The causality factors CF-2 and CF-3 are calculated 
from the frequency spectrum of the current responses.  Figure 
(8) shows the frequency spectrum of the current response of 
pure carbon steel in 2 M HCl, contains not only the input fre-
quencies, but also contains frequency components which are 
the sum, difference, and multiples of the two input frequen-
cies. The EFM Intermodultion spectrums of carbon steel in 2 M 
HCl acid solution containing (1x10-6 M and 11x10-6 M) of the 
studied inhibitors are shown in Figs (9-14). Similar results 
were recorded for the other concentrations of the investigated 
compounds (not shown). The harmonic and Intermodultion 
peaks are clearly visible and are much larger than the back-
ground noise. The two large peaks, with amplitude of about 
200 µA, are the response to the 40 and 100 mHz (2 and 5 Hz) 

excitation frequencies. It is important to note that between the 
peaks there is nearly no current response (<100 nA). The ex-
perimental EFM–data were treated using two different mod-
els: complete diffusion control of the cathodic reaction and the 
“activation” model. For the latter, a set of three non-linear 
equations had been solved, assuming that the corrosion poten-
tial does not change due to the polarization of the working 
electrode [37]. The larger peaks were used to calculate the cor-
rosion current density (jcorr), the Tafel slopes (bc and ba) and 
the causality factors (CF-2 and CF-3).These electrochemical 
parameters were simultaneously determined by Gamry 
EFM140 software, and listed in Table 8. The data presented in 
Table (8) obviously show that, the addition of any one of test-
ed compounds at a given concentration to the acidic solution 
decreases the corrosion current density, indicating that these 
compounds inhibit the corrosion of carbon steel in 2 M HCl 
through adsorption. The causality factors obtained under dif-
ferent experimental conditions are approximately equal to the 
theoretical values (2 and 3) indicating that the measured data 
are verified and of good quality [38]. The inhibition efficien-
cies IE EFM % increase by increasing the studied inhibitor con-
centrations and was calculated as follows:  

IEEFM % = [(1- icorr/ iocorr )] x 100                        ( 5)

 

 

where iocorr and icorr are corrosion current densities in the ab-
sence and presence of inhibitor, respectively. 

The inhibition sufficiency obtained from this method is in the 
order: 

1 > 2 > 3  

 

 

 

 

 

1517

IJSER

http://www.ijser.org/


International Journal of Scientific & Engineering Research Volume 4, Issue 11, November-2013                                                                                  
ISSN 2229-5518 
 

IJSER © 2013 
http://www.ijser.org  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1518

IJSER

http://www.ijser.org/


International Journal of Scientific & Engineering Research Volume 4, Issue 11, November-2013                                                                                  
ISSN 2229-5518 
 

IJSER © 2013 
http://www.ijser.org  

3.5. Scanning Electron Microscopy (SEM) Studies 

Figure (15) represents the micrography obtained for 

carbon steel samples in presence and in absence of 11 x 10-6 M 

some nicotinonitrile     derivatives after exposure for 3 days 

immersion. It is clear that carbon steel surfaces suffer from 

severe corrosion attack in the blank sample.  

It is important to stress out that when the compound 

is present in the solution, the morphology of carbon steel sur-

faces is quite different from the previous one, and the speci-

men surfaces were smoother. We noted the formation of a film 

which is distributed in a random way on the whole surface of 

the carbon steel. This may be interpreted as due to the adsorp-

tion of the some nicotinonitrile   derivatives on the carbon 

steel surface incorporating into the passive film in order to 

block the active site present on the carbon steel surface. Or due 

to the involvement of inhibitor molecules in the interaction 

with the reaction sites of carbon steel surface, resulting in a 

decrease in the contact between carbon steel and the aggres-

sive medium and sequentially exhibited excellent inhibition 

effect [39, 40]. 

3.6. Energy Dispersion Spectroscopy (EDS) Studies 

The EDS spectra were used to determine the elements 

present on the surface of carbon steel and after 3 days of expo-

sure in the uninhibited and inhibited 2  M HCl.  Figure 16 

shows the EDS analysis result on the composition of carbon 

steel only without the acid and inhibitor treatment. The EDS 

analysis indicates that only Fe and oxygen were detected, 

which shows that the passive film contained only Fe2O3. 

      Figure (16) portrays the EDS analysis of carbon steel in 2 M 
HCl only and in the presence of 11x10-6 M of nicotinonitrile 
derivatives. The spectra show additional lines, demonstrating 
the existence of C (owing to the carbon atoms of some nico-
tinonitrile derivatives). These data shows that the carbon and 
O atoms covered the specimen surface. This layer is entirely 
owing to the inhibitor, because the carbon and O signals are 
absent on the specimen surface exposed to uninhibited HCl. It 
is seen that, in addition to Mn, C and O were present in the 
spectra. A comparable elemental distribution is shown in Ta-
ble (9). 
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4. Chemical Structure of the Inhibitiors and Corrosion Inhi-
bition. 

Inhibition of the corrosion of C-steel in 2M HCl solution by 
some nicotinonitrile   compounds is determined by weight loss, 
potentiodynamic anodic polarization measurements, Electro-
chemical Impedance Spectroscopy (EIS), electrochemical frequen-
cy modulation method (EFM) and Scanning Electron Microscopy 
(SEM) Studies, it was found that the inhibition efficiency depends 
on concentration, nature of metal, the mode of adsorption of the 
inhibitors and surface conditions.   

The observed corrosion data in presence of these inhibitors, 
namely: 

The decrease of corrosion rate and corrosion current with in-
crease in    concentration of the inhibitor. 

The linear variation of weight loss with time. 
The shift in Tafel lines to higher potential regions. 
The decrease in corrosion inhibition with increasing tempera-

ture indicates that desorption of the adsorbed inhibitor molecules 
takes place. 

The inhibition efficiency was shown to depend on the number 
of adsorption active centers in the molecule and their charge den-
sity.  

It was concluded that the mode of adsorption depends on the 
affinity of the metal towards the π-electron clouds of the ring sys-
tem. Metals such as Cu and Fe, which have a greater affinity to-
wards aromatic moieties, were found to adsorb benzene rings in a 
flat orientation. The order of decreasing the percentage inhibition 
efficiency of the investigated inhibitors in the corrosive solution 
was as follow:                                                                                                              

1 > 2 > 3 
Compound (1) exhibits excellent inhibition power due to: (i) its 

larger molecular size that may facilitate better surface coverage, 
and (ii) presence of sulphur atom which is more inhibition than 
oxygen atom 

Compound (2) comes after compound (1) in inhibition efficien-
cy due to its lower molecular size than compound (1). 

Compound (3) comes after compound (2) in inhibition efficien-
cy, because it has lower molecular size than compound (2). 
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