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Corrosion inhibition of carbon steel in normal hydrochloric acid solution at 30°C by new pirydazine 

derivative, namely 3,6-bis(3-pyridyl) pyridazine (3-PYP) has been studied by a series of known 

techniques such as weight loss, polarisation and electrochemical impedance spectroscopy (EIS). The 

experimental results have showed that this organic compound revealed a good corrosion inhibition and 

that the inhibition efficiency is increased with the inhibitor concentration. Potentiodynamic 

polarisation suggested that it is a mixed type of inhibitor. Two time constants determined by the 

charge-transfer and the adsorption of the inhibitor, respectively, can be readily outlined. The 

adsorption of 3-PYP on the carbon steel surface, in 1 M HCl solution, obeyed to the Temkin’s 

isotherm with a very high negative value of the standard Gibbs free energy of adsorption G°ads 

(chemisorption). Quantum chemical calculations and X-ray photoelectron spectroscopy (XPS) analysis 

were carried out to establish the mechanism of corrosion inhibition of carbon steel in 1 M HCl medium 

in the presence of 3,6-bis(3-pyridyl)pyridazine (3-PYP). 

 

 

Keywords: Pyridazine; Carbon steel; Acid solution; EIS; XPS; Acid inhibition 

 

 

1. INTRODUCTION 

Acid solutions are commonly used for the removal of undesirable scale and rust in the metal 

working, cleaning of boilers and heat exchangers. Hydrochloric acids are most widely used for all 

these purposes. However, the strong corrosivity of hydrochloric acid needs to be controlled by an 
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appropriate corrosion inhibitor [1-4]. Most well-known acid corrosion inhibitors are organic 

compounds containing nitrogen, sulfur, and oxygen atoms; nitrogen-containing organic compounds are 

known to be efficient corrosion inhibitors in hydrochloric acid solutions, while sulfur-containing 

compounds are sometimes preferred for sulphuric acid solutions [5]. Among them, N-heterocyclic 

compounds are considered to be the most effective corrosion inhibitors for steel in acid media [6,7]. 

They exert inhibition action through adsorption on the metal surface blocking, the active sites by 

displacing water molecules and forming a compact barrier film to decrease the corrosion rate. The 

adsorption of N-heterocyclic inhibitor takes place through nitrogen heteroatom, as well as those with 

unsaturated bonds or aromatic rings in their molecular structures [8]. Generally, inhibition efficiency 

of N-heterocyclic organic inhibitor always increases with the number of aromatic systems and the 

availability of electronegative atoms in the molecule [9]. Many N-heterocyclic compounds, such as 

triazole derivatives [10-20], oxadiazole derivatives [21-30], thiadiazole derivatives [31-42], 

benzimidazole derivatives [43-45], pyrazole derivatives [46-49], purine derivatives [50-52], 

pyrimidine derivatives [53], quinoline derivatives [54], etc… have been used for the corrosion 

inhibition of iron or steel in acidic media. A survey of literature reveals that little attention has been 

paid on the use of pyridazine derivatives in the inhibition of steel corrosion. Indeed, the use of the new 

synthesised pyridazine derivatives; 5-benzyl-6-methyl pyridazine-3-thione and 5-benzyl-6-methyl 

pyridazine-3-one; on the inhibition of pure iron in 1 M HCl have been investigated for the first time by 

Chetouani et al. in 2002 [55]. Their results showed that these pyridazine derivatives are efficient 

inhibitors and act essentially as cathodic-type inhibitors. This work was subsequently extended to 

study the relation between molecular structure of these pyridazines and their inhibitive action [56]. In 

2004, Bouklah et al. studied the effect of the substitution of an oxygen atom by sulphur in a 

pyridazinic molecule towards inhibition of corrosion of steel in 0.5 M H2SO4 medium [57]. They 

showed that the presence of a sulphur atom considerably increased the inhibition efficiency. 

Afterwards, the Hammouti group investigated the use of some pyridazine derivatives, namely 5-(2-

chlorobenzyl)-6-methylpyridazine-3(2H)-thione (P1) and 5-(4-chlorobenzyl)-6-methylpyridazine-

3(2H)-thione (P2), as potential inhibitors in the steel corrosion in 0.5 M H2SO4 [58]. The obtained 

results showed that the inhibition efficiency of P1 increases with the increase of concentration to reach 

about 99% at 0.5 mM and the ability of the molecule to adsorb on the steel surface was dependent on 

the position of the chloride atom on the benzyl substituent. In the same acid medium (0.5 M H2SO4), 

the study of inhibition effect of diethyl pyrazine-2,3-dicarboxylate on the corrosion steel revealed that 

this pyridazine derivative is not efficient for above purpose [59-60]. In this field, we have previously 

reported that the 1,4-bis(2-pyridyl)-5H-pyridazino[4,5-b]indole (PPI) is a good corrosion inhibitor for 

carbon steel in 1 M HCl medium [61]. X ray photoelectron spectroscopy (XPS) and theoretical 

calculation were carried out to establish the mechanism of corrosion inhibition using PPI inhibitor. 

Recently, Deng et al. investigated the inhibition effect of two pyrazine derivatives, 2-aminopyrazine 

(AP) and 2-amino-5-bromopyrazine (ABP), on the corrosion of cold rolled steel (CRS) in 1 M 

hydrochloric acid [62]. These two pyrazine derivatives act as good inhibitors and the maximum of 

inhibition efficiency values are 95.1% (AP) and 97.4% (ABP) at 1.0 mM. 

In continuation of our work on development of pyridazine derivatives as corrosion inhibitors in 

acidic media [57,61], we studied the corrosion inhibiting behaviour of a novel synthesized pyridazine 
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derivative, namely 3,6-bis(3-pyridyl)pyridazine (3-PYP), on carbon steel in 1 M HCl medium at 30°C. 

The choice of this compound was based on molecular structure considerations; i.e., 3-PYP has an ideal 

planar structure and the presence of four heteroatoms (nitrogen) and aromatic rings is known to 

facilitate the adsorption of molecule on the metal surface. Weight loss measurements, linear 

polarisation resistance, Tafel polarisation and electrochemical impedance spectroscopy (EIS) 

techniques were used to evaluate the inhibition properties of 3-PYP. Adsorption isotherm, Density 

Functional Theory (DFT) method and X-ray photoelectron spectroscopy (XPS) have been applied to 

study the mechanism of steel corrosion inhibition of this organic compound in acidic medium. 

 

 

 

2. EXPERIMENTAL DETAILS 

2.1. Materials 

The tested inhibitor, namely 3,6-bis(3-pyridyl)pyridazine (3-PYP), was synthesised according 

to a previously described experimental procedure [63]. The molecular structure of 3-PYP is shown in 

Figure 1. The structure of the 3-PYP was confirmed by 
1
H and 

13
C NMR, mass spectroscopy and 

elemental analysis.  

 

N N NN  

 

Figure 1. Chemical structure of the investigated 3,6-bis(3-pyridyl)pyridazine (3-PYP). 

 

3-PYP: Yield 57.6%; mp 210°C; 
1
H-NMR (dimethyl-d6 sulfoxide; 300 MHz): δ (ppm) 7.64 

(m, 2H); 8.21 (s, 2H); 8.44 (t, 2H); 8.89 (t, 2H), 9.35 (s, 2H); 
13

C-NMR (dimethyl-d6 sulfoxide; 75 

MHz): δ (ppm) 123.92, 126.71, 130.55, 134.39, 146.36, 161.12, 165.81; MALDI-TOFMS: m/z 235 (M 

+1). Anal. Calcd for C14H10N4: C, 71.78; H, 4.30; N, 23,92. Found: C, 71.56; H, 4.53; N, 23,68. 

The concentration range of 3-PYP employed was 0.2 mM to 1.2 mM in order to compare their 

corrosion inhibition properties with those of similar heterocyclic compounds.  

The material used in this study is a carbon steel (Euronorm: C35E carbon steel and US 

specification: SAE 1035) with a chemical composition (in wt%) of 0.370 % C, 0.230 % Si, 0.680 % 

Mn, 0.016 % S, 0.077 % Cr, 0.011 % Ti, 0.059 % Ni, 0.009 % Co, 0.160 % Cu and the remainder iron 

(Fe). The steel samples were pre-treated prior to the experiments by grinding with emery paper SiC 

(120, 600 and 1200); rinsed with distilled water, degreased in acetone in an ultrasonic bath immersion 

for 5 min, washed again with bidistilled water and then dried at room temperature before use. The acid 

solutions (1 M HCl) were prepared by dilution of an analytical reagent grade 37 % HCl with doubly 

distilled water. 
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2.2 Corrosion tests 

Weight loss, potentiodynamic polarisation, linear polarisation resistance (LPR) and 

electrochemical impedance spectroscopy (EIS) are four classical techniques which were used to 

determine the corrosion inhibitor characteristics of 3-PYP in 1 M HCl.  

The gravimetric measurements were carried out at the definite time interval of 24 h at room 

temperature (30 ± 1°C) using an analytical balance (precision ± 0.1 mg). The steel specimens used 

have a rectangular form (length = 3 cm, width = 1.5 cm, thickness = 0.3 cm). Gravimetric experiments 

were carried out in a double glass cell equipped with a thermostated cooling condenser containing 100 

ml of non-de-aerated test solution. After immersion period, the steel specimens were withdrawn, 

carefully rinsed with bidistilled water, ultrasonic cleaning in acetone, dried at room temperature and 

then weighted. Duplicate experiments were performed in each case and the mean value of the weight 

loss is calculated.  

Linear polarisation resistance (LPR) and potentiodynamic polarisation measurements were 

performed in a conventional three-electrode cylindrical Pyrex glass cell. The temperature is 

thermostatically controlled. Pure carbon steel specimen was used as the working electrode, a platinum 

electrode as the counter electrode and a saturated calomel electrode (SCE) as the reference electrode. 

The working electrode (WE) in the form of disc cut from steel has a geometric area of 1 cm
2 

and is 

embedded in polytetrafluoroethylene (PTFE). A fine Luggin capillary was placed close to the working 

electrode to minimize IR drop. All test solutions were de-aerated in the cell by using pure nitrogen for 

10 min prior to the experiment. During each experiment, the test solution was mixed with a magnetic 

stirrer and the gas bubbling was maintained. Solartron Instruments SI 1287 potentiostat monitored by a 

personal computer via a GPIB Interface and CorrWarr2.80 software were used to run the tests and to 

collect the experimental data. Before each Tafel experiment, the carbon steel electrode was pre-

polarised at –800 mVSCE for 10 min and thereafter the WE was allowed to corrode freely and its open 

circuit potential (OCP) was recorded as a function of time up to 1 h, the time necessary to reach a 

quasi-stationary value for the open-circuit potential. This steady-state OCP corresponds to the 

corrosion potential (Ecorr) of the WE. For LPR measurements, the WE was polarised only in the range 

±20 mV vs. Ecorr at a scan rate of 0.125 mV s
−1

. After studying the open circuit potential and LPR tests, 

the potentiodynamic Tafel measurements were scanned from cathodic to the anodic direction, E = Ecorr 

± 200 mV, with a scan rate of 0.5 mV s
−1

. The Tafel and LRP data were analysed and fitted using the 

polarisation CorrView 2.80 software (Scribner Associates, Inc.). 

Ac impedance tests were performed in a polymethyl methacrylate (PMMA) cell with a capacity 

of 1000 ml at 30  1°C, using a thermostat. A saturated calomel electrode (SCE) was used as the 

reference; while a platinum leaf was used as a counter electrode. All potentials are reported vs. SCE. 

The working electrode was prepared from a square sheet of carbon steel such that the area exposed to 

solution was 7.55 cm
2
. The impedance spectra were recorded 24 h after the exposure of the working 

electrode to the solution (no deaeration, no stirring). Ac impedance measurements were performed 

using a potentiostat Solartron SI 1287 and a Solartron 1255B frequency response analyzer and ZPlot 

2.80 software was used to run the tests and to collect the experimental data. The response of the 

electrochemical system to ac excitation with a frequency ranging from 10
5
 Hz to 10

-2
 Hz and peak to 
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peak amplitude of 10 mV was measured with data density of 10 points per decade. All EIS diagrams 

were recorded at the open circuit potential, i.e., at the corrosion potential Ecorr. The duration of one EIS 

experiment was about 10 min. The impedance data were analysed and fitted with the simulation 

ZView 2.80, equivalent circuit software.  

 

2.3. X-ray photoelectron spectroscopy (XPS) 

The studied samples for X-ray photoelectron spectroscopy (XPS) before and after immersion in 

1 M HCl medium were prepared by the same procedure as for the gravimetric test with carbon steel 

disk (1 cm
2
). After 24 h of immersion, the carbon steel sheet was rinsed with acetone and ultra pure 

water. X-ray photoelectron spectroscopy (XPS) spectra were recorded by a VG ESCALAB 220 XL 

spectrometer. The monochromatized Al-K X-ray source (h = 1486.6 eV) was operated in the CAE 

(constant analyser energy) mode (CAE = 150 eV for survey spectra and CAE = 30 eV for high 

resolution spectra), using the electromagnetic lens mode. The binding energy scale was initially 

calibrated using the Cu 2p3/2 (932.7 eV), Ag 3d5/2 (368.2 eV) and Au 4f7/2 (84 eV) peak positions, and 

internal calibration was referenced to the C 1s energy at 285 eV for aliphatic like species. 

Quantification of outer layers atomic composition was achieved using the software provided by VG 

Scientific. XPS spectra were deconvoluted using a non-linear least squares algorithm with a Shirley 

base line and a Gaussian–Lorentzian combination. XPS Peak-Fit 4.1 software was used for all data 

processing.  

 

2.4. Computational method 

All calculations were performed by means of the Gaussian 03 program on 18 processors Linux 

Transtec Cluster with parallel G03 Linda version. The molecular structure of 3-PYP was fully and 

geometrically optimised using the functional hybrid B3LYP Density Functional Theory formalism 

(DFT) and the 6-31G+ (2d,2p) orbital basis set for all atoms. Self Consistent Reaction Field (SCRF) 

calculations in consideration of the solvent effect were done using the Polarized Continuum Method 

(PCM) with UAHF set of radii for standard solvent with water as solvent. The pKa calculation was 

performed with the SPARC on line calculator. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1.  Corrosion inhibition evaluation 

3.1.1.  Gravimetric study 

The effect of addition of different concentrations of 3-PYP on the corrosion of carbon steel in 1 

M HCl solution was studied by weight loss measurements at 30 °C after 24 h of immersion period. For 
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every concentration, the mean value of the corrosion rate CR (mg cm
-2

 h
-1

) was determined and the 

inhibitor efficiency, WL(%), was calculated using Eqs. 1 and 2, respectively [64]: 

 

At

WW
C ab

R


           (1) 

 

1001(%)
0

WL

i















w

w
          (2) 

 

where Wb and Wa are the specimen weight before and after immersion in the tested solution, w0 

and wi are the values of corrosion weight losses of carbon steel in uninhibited and inhibited solutions, 

respectively, A the area of the carbon steel specimen (cm
2
) and t is the exposure time (h). 

The values of percentage inhibition efficiency, WL(%), and corrosion rate (CR) obtained from 

weight loss method at different concentrations of 3-PYP are summarized in Table 1. It is very clear 

that the 3-PYP inhibits the corrosion of carbon steel in 1 M HCl solution, at all concentrations used in 

this study, while the corrosion rate (CR) decreases continuously with increasing additive concentration 

at 30°C; the maximum WL(%) of 92.8 % is achieved at 1.2 mM. The high inhibitive performance of 

3-PYP suggests a strong bonding of this pyridazine derivative on the metal surface due to presence of 

several lone pairs from heteroatom (nitrogen) and -orbitals, blocking the active sites and therefore 

decreasing the corrosion rate. However, the studies of the improvement of the corrosion resistance of 

carbon steel in 1 M HCl by other 3-pyridyl substituted 1,2,4 and 1,3,4-thiadiazoles and oxadiazoles, 

previously described in the same conditions, shows that the inhibition efficiency attains 98.3 % at 1.2 

mM in the case of 2,5-bis(3-pyridyl)-1,2,4-thiadiazole (3-PTHD) [34], 96.8 % in the presence of 3,5-

bis(3-pyridyl)-1,3,4-thiadiazole (3-PTH) [32] and 97.4 % in the case of 3,5-bis(3-pyridyl)-1,2,4-

oxadiazole (3-DPOX) [30]. This behaviour can be explained by the presence of another heteroatom; 

sulfur in the case of thiadiazole or oxygen in the case of oxadiazole.  

 

Table 1. Corrosion parameters obtained from weight loss measurements for carbon steel in 1 M HCl 

containing various concentrations of 3-PYP at 30°C. 

 
Conc. of inhibitor 

(mM) 

CR 

(mg cm
-2

 h
-1

) 
WL 

(%) 

Blank 2.78 — 

0.2 0.35 87.4 

0.4 0.27 90.3 

0.8 0.24 91.4 

1.2 0.20 92.8 

 

3.1.2.  Polarisation studies 

The aim of these investigations was to determine the influence of 3-PYP on the electrochemical 

behaviour of carbon steel in 1 M HCl. Polarisation curves of the carbon steel electrode in 1 M HCl 
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without and with addition of various concentrations of 3-PYP are shown in Fig. 2. As it can be seen, 

the anodic and cathodic reactions are affected by the addition of pyridazine derivative. Meaning that, 

the addition of 3-PYP to HCl solution reduces the anodic dissolution of steel and also retards the 

cathodic hydrogen evolution reaction. The inhibiting effect of 3-PYP may be related to its adsorption 

and formation of a barrier film on the electrode surface. These results indicated that this organic 

inhibitor exhibit cathodic and anodic inhibition effects. Therefore, 3-PYP can be classified as an 

inhibitor of relatively mixed effect (anodic/cathodic inhibition) in 1 M HCl.  

Besides, the recorded polarisation curves in the presence of 3-PYP (Fig. 2) are characterized by 

the presence of anodic breakdown potential, Eb. This is the potential at which sudden rise in current 

density takes place. As a result, the surface film is shifted from stable to unstable state. As the 

concentration of inhibitor increased, Eb shifted to noble direction. The noble shift of Eb with increasing 

3-PYP concentration reflected the increased adsorption of inhibitor on the metal surface. The noble 

shift of Eb and the decrease of the corresponding current densities with increasing the studied 

pyridazine concentration reflected the formation of anodic protective film on the electrode surface 

[20,65]. However, for potential higher than −300 mVSCE, the presence of 3-PYP did not change the 

current-vs.-potential characteristics (Fig. 2). This potential can be defined as the desorption potential. 

The phenomenon may be due to the obvious metal dissolution, which led to a desorption of the 

inhibitor molecule from the electrode surface, in this case the desorption rate of the inhibitors is higher 

than its adsorption rate, so the corrosion current obviously increased with rising potential [66].  

 

a: Blank

b: 2×10-4 M

c: 4×10-4 M

d: 8×10-4 M

e: 12×10-4 M

a

b
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d e
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Figure 2. Polarisation curves for carbon steel in 1 M HCl containing different concentrations of 3-

PYP. 

 

Table 2 shows the electrochemical corrosion kinetic parameters, i.e. corrosion potential (Ecorr), 

corrosion current density (jcorr), cathodic and anodic Tafel slopes (c, a), obtained from the 

extrapolation of the polarisation curves. The data were fitted using non-linear least square algorithm 
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based on the Tafel-LEV (Levenberg–Marquardt) method used along with CorrView 2.80 software. 

Table 2 also included percentage inhibition efficiency, Tafel (%) that was calculated from the 

following equation [20]: 

 

Tafel(%) = 
corr

corr(i)corr

j

jj 
  100        (3) 

 

where jcorr  and jcorr(i) are the corrosion current densities for steel electrode in the uninhibited 

and inhibited solutions, respectively. From the same Tafel polarisation curves, using only the range 

±20 mV vs. Ecorr, the dc polarisation resistance (Rp) was evaluated and the RP fit was obtained with a 

good correlation coefficient. The corresponding RP values of carbon steel in 1 M HCl in the presence 

and absence of different concentrations of 3-PYP are given in Table 2. In addition, the Rp values 

obtained from the LPR experiment are also presented in Table 2. The LPR experiments were carried 

out in order to exclude the influence of the surface changes which may occur during polarisation at 

higher overpotentials in the case of potentiodynamic polarisation method. The good coincidence 

between the values of the polarisation resistance obtained by the two methods – polarisation resistance 

and polarisation curves, shows that no significant surface changes occur during the polarisation 

measurements at ±200 mV vs. Ecorr. The polarisation resistance (RP) obtained by LPR method is used 

to calculate the corrosion current (jcorr) based on the Stern–Geary kinetics equation [67]. Inhibition 

efficiency, LRP(%), is calculated from Rp using the following equation: 

 

LRP(%) = 
i)(P

pP(i)

R

RR 
  100         (4) 

 

where Rp and Rp(i) are the polarisation resistance of carbon steel electrode in the uninhibited and 

inhibited solutions, respectively. 

 

Table 2. Polarisation parameters and the corresponding inhibition efficiency for the corrosion of 

carbon steel in 1 M HCl containing different concentrations of 3-PYP at 30°C. 

 
Inhibitor  

Conc.  

(mM) 

Tafel LPR 

Ecorrvs SCE 

(mV) 

jcorr 

(A cm
-2

) 

a 

(mV dec
-1

) 

c 

(mV dec
-1

) 

Rp Tafel 

(%) 

Rp 

(Ω cm
2
) 

LRP 

(%) 

Blank –463 413 87.9 114.1 45.6.0  40.3  

0.2 –458 110 91.1 142.1 203.6 73.4 192.2 79.0 

0.4 –464 68 84.5 128.9 302.8 83.5 305.2 86.8 

0.8 –476 65 87.3 141.4 351.9 84.3 343.1 88.3 

1.2 –452 53 76.9 152.6 373.1 87.2 365.0 88.9 
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From Table 2, it is clear that the values of Rp increase and jorr values decrease considerably with 

the increase of the concentration of 3-PYP, however, there is no definite trend in the shift of Ecorr 

values with concentration. The values of the slopes of the anodic Tafel lines, a, show a slight change 

with the addition of 3-PYP suggesting that this studied inhibitor was first adsorbed onto the metal 

surface and impeded by merely blocking the reaction sites of the metal surface without affecting the 

anodic reaction mechanism [68]. However, c values for 3-PYP are higher than those for uninhibited 

solution. This increased value of c suggests that mechanism of hydrogen evolution reaction was 

changed in the presence of 3-PYP. This may probably be due to a diffusion or barrier effect [67]. 

According to Bockris and Srinivasan [69], this behaviour can be correlated to the decrease of the 

cathodic transfer coefficient which, in this case, can be ascribed to the thickening of the electric double 

layer due to the adsorbed inhibitor molecules. 

The inhibition efficiency, (%), calculated by both methods (LPR and potentiodynamic 

polarisation) shows the same trend (Table 2) and increases with 3-PYP concentration, reaching its 

maximum value at 1.2 mM. The polarisation data confirm the gravimetric results (3-PYP is a good 

inhibitor and depends on the inhibitor concentration) giving more detailed information about the 

inhibitor action of the 3-PYP. The differences observed between the two types of experiments (Tables 

1 and 2) are probably due to a greater extent to the different exposure time in the corrosive solution.  

 

3.1.3. Ac impedance study 

An impedance measurement is a veritable tool and has been widely used in investigating 

corrosion inhibition processes. It provides information on both the resistive and capacitive behaviour at 

interface and makes it possible to evaluate the performance of the tested compounds as possible 

inhibitors against metals’ corrosion. Impedance measurements of the carbon steel electrode at its open 

circuit potential after 24 h of immersion in 1 M HCl solution alone and in the presence of the studied 

pyridazine derivative were performed over the frequency range from 100 kHz to 10 mHz. The 

recorded EIS spectrum for carbon steel in 1 M HCl, Fig. 3, shows only one depressed capacitive loop 

at the higher frequency range (HF) with one capacitive time constant in the Bode-phase plot. In this 

case, the standard Randles’ circuit model of Fig. 4a, which has been previously used [30], fits well our 

experimental results. In this equivalent circuit, Rs is the solution resistance, Rct present the charge 

transfer resistance whose value is a measure of electron transfer across the surface and CPE is the 

constant phase element. The constant phase element, CPE, is introduced in the circuit instead of a pure 

double layer capacitor in order to take into account the electrode surface heterogeneity resulting from 

surface roughness, impurities, dislocations, grain boundaries, adsorption of inhibitors, formation of 

porous layers [70,71] and therefore to give a more accurate fit [72]. The impedance of the CPE is 

expressed as: 

 
nAZ  )(i 

1

CPE
                 (5) 
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where A is the magnitude of CPE (in 
–1

 s
n
 cm

–2
),  is the sine wave modulation angular 

frequency (in rad s
-1

), i
2
 = -1 is the imaginary number, and n is an empirical exponent  

(0 ≤ n ≤ 1) which measures the deviation from the ideal capacitive behaviour [73,74]. The 

corresponding fitting results are listed in Table 3. In this table are also shown the calculated double 

layer capacitance (Cdl) derived from the CPE parameters according to the equation [75]: 

 

)ctddl
d

d1
/1

 R(A C n
n

               (6) 

 

and the relaxation time constant (d) of charge-transfer process using the equation [75]: 

 

d = Cdl Rct               (7) 
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Figure 3. Nyquist and Bode diagrams for carbon steel in 1 M HCl after 24 h of immersion period at 

30°C. 

 

Table 3. Impedance parameters and inhibition efficiency values for carbon steel after 24 h immersion 

period in 1 M HCl containing different concentrations of 3-PYP at 30°C. 

 
Conc. 

(mM) 

Rs 

(Ω cm2) 

Rct    

(Ω cm2) 

104 Ad 

(-1 sn cm-2) 

nd 

 

Cd 

(µ

F 

cm
-2) 

d 

(s) 

Ra 

(Ω cm2) 

104 Aa 

(-1 sn cm-2) 

na 

 

Ca 

(mF 

cm-2) 

a 

(s) 

Rpt 

(Ω cm2) 

Z 

(%) 

Blank 5.70 ± 0.02 37.05 ± 0.13 8.44 ± 0.09 0.879 ± 0.001 52

4 

0.0194      37.05 ± 0.13  

0.2 6.30 ± 0.02 200.1 ± 1.6 1.35 ± 0.02 0.891 ± 0.002 87 0.0174 151.2 ± 2.6 41.04 ± 1.24 0.58 ± 0.01 2.92 0.440 351.3 ± 4.2 89.5 

0.4 6.28 ± 0.01 239.6 ± 4.4 1.14 ± 0.01 0.901 ± 0.002 77 0.0183 161.7 ± 5.8 27.70 ± 1.42 0.57 ± 0.02 1.50 0.243 401.3 ± 10.2 90.8 

0.8 7.60 ± 0.01 279.4 ± 6.4 0.99 ± 0.01 0.927 ± 0.002 74 0.0215 173.6 ± 7.8 20.28 ± 1.21 0.60 ± 0.02 1.12 0.194 464.8 ± 14.2 92.0 

1.2 6.37 ± 0.01 312.4 ± 7.2 1.01 ± 0.01 0.905 ± 0.002 70 0.0220 181.0 ± 8.6 19.44 ± 1.41 0.57 ± 0.02 0.88 0.158 493.4 ± 15.8 92.5 

 

Fig. 5 shows Nyquist plots and the representative Bode diagrams for carbon steel in 1 M HCl in 

the presence of various concentration of 3-PYP. The addition of 3-PYP to the aggressive solution leads 
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to a change of the impedance diagrams in both shape and size, in which a depressed semicircle at the 

high frequency part of the spectrum was observed and a second time constant appeared at low 

frequency region. The increase in size of the semicircle with inhibitor concentration means that the 

inhibitor effect increases as well. 

 

 
 

 

(a) 

Rs CPEd

Rct CPEa

Ra

Element Freedom Value Error Error %

Rs Free(±) 12.1 0.02195 0.1814

CPEd-T Free(±) 7.1318E-5 9.9315E-7 1.3926

CPEd-P Free(±) 0.88733 0.0019568 0.22053

Rct Free(±) 436.2 9.1837 2.1054

CPEa-T Free(±) 0.0028321 0.00063081 22.274

CPEa-P Free(±) 0.71354 0.092441 12.955

Ra Free(±) 58.43 11.095 18.989

Chi-Squared: 0.00037065

Weighted Sum of Squares: 0.042625

Data File: D:\pub-encours-09\Tabyaoui\plante\6h\euphorbia-HCL-1.8

Circuit Model File: D:\pub-encours-09\Tabyaoui\plante\6h\1.8-fit.mdl

Mode: Run Fitting / Freq. Range (0.1 - 100000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

 
(b) 

 

Figure 4. Electrical equivalent circuit used for modeling the interface carbon steel / 1 M HCl solution 

without and with 3-PYP. 

 

The first capacitive loop (the larger) appearing at high frequency region can be attributed to the 

charge transfer, the second one (the smaller) at low frequencies can be related to the adsorption of 

inhibitor molecules on the metal surface and/or all other accumulated kinds at the metal/solution 

interface (inhibitor molecules, corrosion products, etc.) [76]. In this case, the structural model of Fig. 

4a is inadequate (see Fig. 6, representative example) and a two-time-constant model should be used to 

describe the electrochemical impedance spectra in the presence of 3-PYP, as presented in Fig. 4b, that 

provides the determination of the adsorption parameters Ra and CPEa (Aa and na, respectively). In Fig. 

4b, Rs represent the solution resistance, Rct is the charge transfer resistance and CPEd represent the 

capacitance of the high frequency semicircle that can be attributed to the charge transfer process. Ra 

represents the resistance of the adsorbed inhibitor and CPEa is the capacitance of the inhibitor film due 

to the inhibitor’s adsorption on the steel surface.  
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Figure 5. Nyquist and Bode diagrams for carbon steel in 1 M HCl containing different concentrations 

of 3-PYP after 24 h of immersion period at 30°C. 
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The time constant of the adsorption process is a = Ca Ra, the adsorption capacitance being 

again replaced by a CPE, and Ca is calculated using Eq. (6). The experimental data were very well 

fitted according to the proposed equivalent circuit and as an example; the calculated curves are 

presented in Fig. 7. This model is valid for all concentrations of 3-PYP and it is well representative of 

the phenomena which may occur in the investigated steel/3-PYP/HCl system, both in the HF and in the 

LF parts of the spectra. The main fitted parameters are summarised in Table 3. 
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Figure 6. EIS Nyquist and Bode diagrams for carbon steel / 1 M HCl + 1.2 mM of 3-PYP interface: 

(···) experimental; (—) fitted data using structural model in Fig. 4a. 
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Figure 7. EIS Nyquist and Bode diagrams for carbon steel / 1 M HCl + 1.2 mM of 3-PYP interface: 

(···) experimental; (—) fitted data using structural model in Fig. 4b. 

 

Estimates of the margins of error calculated for the parameters are also presented in this Table. 

The data are found to be sufficiently well fitted within the limits of experimental error and 

reproducibility of data. Inspection of the fitting results (Table 3), shows clearly that Rct and Cdl values 

have opposite trend at the whole concentration range (Rct increases and Cdl decreases with inhibitor 

concentration). A large Rct is associated with a slower corroding system [71,77]. Furthermore, the 
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decrease in the Cdl with increase in 3-PYP concentrations may be attributed to the formation of a 

protective layer on the carbon steel surface [78]. The increase of the nd value after addition of 3-PYP in 

the corrosive solution can corroborate this assumption. Indeed, the value of nd grows as well (0.891-

0.927), when compared to that obtained in pure 1 M HCl (0.879). This can be attributed to a certain 

decrease in the initial surface in homogeneity resulting from the adsorption of 3,6-bis(3-

pyridyl)pyridazine molecules on the most active adsorption centres at the carbon steel surface [71]. 

Also, the addition of 3-PYP to the corrosive solution increases slightly the time constant (d) value 

with opposite trend of Cdl (Table 3). For example, when the 3-PYP concentration is increased to 1.2 

mM in the corrosive medium, the interface (d) parameter increases from 0.0194 to 0.022 s while the 

Cdl value decreases from 524 to 70 F cm
–2

, signifying that the charge and discharge rates to the metal-

solution interface is greatly decreased. This shows that there is agreement between the amount of 

charge that can be stored (i.e. capacitance) and the discharge velocity in the interface (d) [79]. In the 

case of 3-PYP addition, the resistance Ra has small values compared to Rct values (the total resistance 

Rp is dominated by Rct) and increases significantly with 3-PYP concentration. However, the Ca values 

have opposite trend as that of Ra values at the whole concentration range, while practically no change 

is observed in the value of na. The values of na are lower than that of nd, indicating greater energy 

distribution in the adsorption layer [75]. The time constants a shows a marked tendency to decrease 

with concentration and its values are much higher than d. As in the case of na the apparent decrease of 

a with concentration is influenced by the adsorption process. 
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Figure 8. Variation of inhibition efficiency of 3-PYP with concentration. 

 

In the absence of inhibitor molecules, the ac resistance polarisation, Rp, consists of only charge 

transfer resistance (Rct), while in the presence of inhibitor, the sum of Rct and Ra are equivalent to Rp. 

The related inhibition efficiency, Z(%), is calculated from Rp = (Rct+Ra) using the following equation: 
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Z(%) = 
i)(P

pP(i)

R

RR 
  100             (8) 

 

where Rp and Rp(i) are the ac polarisation resistance of carbon steel electrode in the uninhibited 

and inhibited solutions, respectively. It is obvious that the increase in inhibitor concentration enhances 

Rp, and consequently improves the inhibition efficiency till reaching their maximum value at 1.2 mM 

(Rp = 493.4  cm
2
, Z(%) = 92.5). The (%) values obtained from the ac impedance technique are 

comparable and run parallel with those obtained from the weight loss measurements, the 

potentiodynamic and the LPR methods (Fig. 8). 

 

3.2.  Adsorption isotherm and surface analysis  

Corrosion inhibition of carbon steel in 1 M HCl solution by 3,6-bis(3-pyridyl)pyridazine (3-

PYP) can be explained by molecular adsorption. Two main types of interaction can describe the 

adsorption of the organic compound: physical adsorption and chemisorption. There are influenced by 

the chemical structure of the organic compounds, the distribution of charge in the molecule, the nature 

and surface charge of the metal and the type of aggressive media [44]. 

In aqueous hydrochloric acid medium, the 3-PYP can be protonated at the N heteroatom in the 

pyridinium cycle, with respect to the pKa of the protonated function, as shown in the following 

scheme:  

N NN
H

3-PYP + H
+

N NN
H

+

N NN
H

+

N NN
H

+

+

 

Owing to the acidity of the medium, 3-PYP derivative can exist as neutral species or in cationic 

forms (3-PYPH
+
). Thus, 3-PYP molecules may be adsorbed on the metal surface in different ways: (i) 

it was reported that the surface charge of steel at Ecorr in 1 M HCl solution is expected to be positive 

[80]. Accordingly, the adsorption of the cationic 3-PYP species does not take place. Instead, the 

adsorption of Cl
–
 anions occurs and the surface becomes negatively charged. Due to the electrostatic 

attraction, the cationic forms of inhibitor (3-PYPH
+
) are adsorbed through electrostatic interactions 

(physical adsorption) between positively charged nitrogen atoms in the pyridinium cycle and 

negatively charged carbon steel surface [42]; (ii) the adsorption of the 3-PYP molecules can occur due 
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to the formation of links between the d-orbital of iron atoms (chemisorption), involving the 

displacement of water molecules from the metal surface, by the lone sp2 electron pairs present on the 

N atoms of both the heterocyclic rings (pyridinium and pyridazyl) and/or the  electrons of 

heterocyclic rings [81], (iii) the adsorption mechanism of 3-PYP on carbon steel surface involves both 

types of interactions, physisorption (ionic) and chemisorption (molecular). 

In order to rationalize and to get more information, the experimental data have been tested with 

several adsorption isotherms that provide information about the interaction among the adsorbed 

molecules themselves and their interactions with the electrode surface. Several adsorption isotherms 

(Langmuir, Temkin, Frumkin,…) were assessed and the Temkin adsorption isotherm was found to 

provide the best description of the adsorption behaviour of the investigated pyridazine (Fig. 9). The 

Temkin isotherm is given by the following equation [82]: 

 

)ln(
1

inhadsCK
f

               (9) 

 

where  is the fractional surface coverage; f is the molecular interaction constant; Cinh is the 

inhibitor concentration; and Kads is the equilibrium constant of the adsorption process. The fractional 

surface coverage  can be easily determined from ac impedance or the weight loss measurements by 

the ratio (%) / 100, if one assumes that the values of (%) do no differ substantially from   (the 

impedance and gravimetric data are collected in a time interval of 24 h, considered sufficient for 

adsorption equilibrium to be achieved) [1,80].  
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Figure 9. Temkin adsorption plot for carbon steel in 1 M HCl containing 3-PYP at 30°C. 

 

The plot of  versus log Cinh, in Fig. 9, yields straight line with the regression coefficient (R
2
) 

very closed to 1.00, clearly proving that the adsorption of 3-PYP on the carbon steel obeys the Temkin 
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adsorption isotherm which is characteristic of a multi-layer adsorption (interaction between the 

adsorbed species). This behaviour can be explained by the fact that the 3-PYP molecule possesses 

several favorable factors for strong adsorption such as the presence of four nitrogen atoms, three 

aromatic rings and an ideal plane structure, that can make the electronic effects more important and the 

steric effects omitted [83]. In this way, we have used DFT method in order to understand the structural 

effect on the corrosion inhibition properties of 3-PYP. Two conformations were calculated for non 

protonated or protonated N heteroatom in the pyridinium cycle. Effectively, the 3,6-bis(3-

pyridyl)pyridazine (3-PYP) can be protonated in 1 M HCl solution at N heteroatom in the pyridinium 

cycle due to its pKa value of 4.3. The optimized structures in the solvent are given in Fig. 10.  

 

 
 

Figure 10. Optimized molecular structures of 3-PYP in solvent. 

 

The difference energy between these two cis/trans conformations is about –0.5 kcal mol
-1

 for 

the trans one in the solvent assuming that these two conformations can be realistic. The two calculated 

conformations are full plane, no distorsion between pyridinium and pyridazine cycles can be observed. 

This structural result can corroborate the multi-layer adsorption of 3-PYP on the steel surface (Temkin 

model). In order to explain this behaviour, the electronic properties of 3-PYP is inspected. It’s well 

known that the reactive ability of the inhibitor is considered to be closely related to their frontier 

molecular orbitals. A typical electron density distribution of the highest occupied molecular orbital 

(HOMO) for diprotonated 3-PYP (3-PYPH2
2+

) are shown in Fig. 11.  

 

 
 

Figure 11. The frontier molecular orbital density distributions (HOMO) along the more energetically 

stable conformations of diprotaned 3-PYP. 

 

The HOMO density is mainly localized on the two nitrogen of the pyridazine ring that can 

confer the electron donation properties and can induce the adsorption of the 3-PYP molecules on the 

steel surface with stabilization by intermolecular hydrogen bonding between pyridinium rings (Fig. 
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12). In the solid state, extensive - staking between the aromatic systems can be observed in the case 

of pyridylpyridazines [84]. It has been shown that electron-poor aromatic rings interact with electron-

rich aromatic groups [85,86]. Hence, it can be suggested that, after the adsorption of 3-PYP cationic 

species on the steel surface, the electron-poor group (pyridazine ring) interacts with the less electron-

poor ring (pyridinium ring). Indeed, the protonated 3-PYP species can be assembled into stacks (Fig. 

13A), where each molecule has two offset -stacked interactions with each neighbouring molecule 

[86]. Such an arrangement allows for neighbouring molecules within a stack to have two - 

interactions, between relatively electron-rich (pyridinium) and electron-poor (pyridazine) rings. Also, 

it is possible to imagine a structure in which the three aromatic rings participate in - interactions 

(Fig. 13B). However, in such a case, - interactions actes between identical rings and this is less 

favourable than the first proposed arrangement [86].  

 

 

 

Figure 12. 3-PYP molecules stabilized by intermolecular hydrogen bonding. 

 

From the slope and the intercept of the straight line (Fig. 9), the adsorption parameters values 

can be calculated; f = 57.8 and Kads = 1.46 10
26

 M
-1

. Kads is related to the standard Gibbs free energy of 

adsorption, G°ads, according to [20]:  

 













 


RT

G
K

ο

ads

ads exp
55.55

1
           (10) 

 

where R is the universal gas constant and T is the absolute temperature. The value 55.55 in the 

above equation is the concentration of water in solution in mol/l. The calculated G°ads value is –

161.88 kJ mol
-1

. The negative values of G°ads ensure the spontaneity of the adsorption process and the 

stability of the adsorbed layer on the steel surface. It’s well known that the adsorption type is regarded 

as physisorption if the absolute value of G°ads was of the order of 20 kJ mol
-1

 or lower. The inhibition 

behaviour is attributed to the electrostatic interaction between the organic molecules and iron atom. 

When the absolute value of G°ads is of the order of 40 kJ mol
-1

 or higher, the adsorption could be seen 

as chemisorption. In this process, the covalent bond is formed by the charge sharing or transferring 

from the inhibitor molecules to the metal surface [67]. The calculated G°ads value in this work (–

161.88 kJ mol
-1

) indicates, therefore, that the adsorption mechanism of 3-PYP on carbon steel in 1 M 

HCl solution is mainly due to chemisorption. Moreover, the large negative value of G°ads suggests 

that this inhibitor is strongly adsorbed on the steel surface [30]. This conclusion is in agreement with 



Int. J. Electrochem. Sci., Vol. 7, 2012 

  

1716 

the findings of other workers [30,80]. In addition, it was reported that the constant f is related to the 

molecular interactions in the adsorption layer as well as energetic inhomogeneity of the surface [87]. If 

f is positive, mutual attraction of molecules occurs and if f is negative repulsion takes place. The 

positive and high value of the molecular interaction constant (f = 57.8) indicates the existence of a 

strong attractive interaction between adsorbed 3-PYP molecules in the adsorbed layer and this results 

in strong adsorption.  
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Figure 13. - Stacking models of 3-PYP molecules (the centroids of aromatic rings are shown as red 

circles). 

 

In order to confirm this assumption (chimisorption) and elucidate the nature of the organic thin 

film formed on the steel surface, the surface analysis (XPS) study are given and discussed below. XPS 

technique was used to investigate the composition of the organic adsorbed layer on the carbon steel 

surface in normal hydrochloric medium by 3-PYP. In this way, the spectra (C 1s and N 1s) for pure 3-

PYP are presented in Fig. 14 and the high-resolution peaks for C 1s, N 1s, O 1s and Fe 2p for carbon 

steel surface after 24 h of immersion in 1 M HCl solution containing 1.2 mM of 3,6-bis(3-

pyridyl)pyridazine (3-PYP), are also recorded and given in Fig. 15, respectively (at this concentration, 

the highest inhibition efficiencies were achieved as previously shown). All XPS spectra contained 

complex forms, which were assigned to the corresponding species through a deconvolution fitting 
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procedure (a non-linear least squares algorithm with a Shirley base line and a Gaussian–Lorentzian 

combination) using the XPS Peak-Fit 4.1 software. The obtained values of binding energy (BE) are 

summarised in Table 4. The values in bracket represent the relative percentage of the peak component. 

The XPS results for untreated carbon steel are also presented in Table 4 in order to facilitate 

comparison [88]. 

The deconvoluted C 1s spectrum for pure 3-PYP shows two main peaks (Fig. 14, Table 4). The 

first peak located at approx. 285.0 eV has the largest contribution and is attributed to the C–C, C=C 

and C–H aromatic bonds [30]. The second peak at 286.3 eV is attributed to the C–N and C=N bonds in 

the pyridinium and the pyridazine rings [30]. After acidic immersion, the deconvoluted C 1s spectrum 

for 3-PYP-treated carbon steel shows three main peaks (Fig. 15, Table 4). Indeed, the first component 

at a BE ~ 285.0 eV, which is the largest contribution, is attributed to the C–C, C=C and C–H aromatic 

bonds; the second component may be assigned to the carbon atoms bonded to nitrogen in C–N and 

C=N bonds in the pyridazine and the pyridinium rings at 286.5 eV; the last component at higher 

binding energy (located at approx. 288.7 eV) may be ascribed to the carbon atom of the C=N
+
 [89]. 
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Figure 14. The XPS deconvoluted profiles of C 1s and N 1s for pure 3-PYP. 

 

The N 1s XPS spectrum for 3-PYP-treated carbon steel is fitted into two components (Fig. 15), 

located around at 400.0 and 401.8 eV. The first component has the largest contribution and is mainly 

attributed to the unprotonated N atom (=N structure) in the pyridinium and the pyridazine rings [38]. 

In comparison with N 1s spectrum of pure 3-PYP (Fig. 14), the peak of =N structure is expected to 

appear at somewhat higher position than the one observed (399.3 eV) in pure 3-PYP because the 

coordination to the steel surface caused the peak shift toward higher binding energy [90]. From these 
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previous observations, our XPS results are consistent with the thermodynamic assumption that the 3-

PYP was chimisorbed on the steel surface. The second component is attributable to the oxidized 

nitrogen as a result of the protonation of the nitrogen in the pyridazine ring (=N
+
H), which due to the 

increase of the positive charge on the nitrogen atom, a core-level chemical shift to higher binding 

energy is produced [91,92].  

 

Table 4. Binding energies (eV), relative intensity and their assignment for the major core lines 

observed for untreated carbon steel, pure 3-PYP and 3-PYP-treated carbon steel substrate. 

 
Substrate C 1s O 1s N 1s Fe 2p 

BE / Ev Assignment BE / eV Assignment BE / eV Assignment BE / eV Assignment 

 

Carbon steel 
before immersion 

[88] 
 

  529.9 (45 %) Fe2O3/Fe3O4   706.1 (46 %) Fe0 

  531.2 (37 %) FeOOH/Fe(OH)3   710.5 (9 %) Fe2O3/ 

Fe3O4/FeOOH 

  532.8 (18 %) Adsorbed H2O   714.9 (13 %) Satellite of 
Fe(II) 

      719.6 (24%) Satellite of 

Fe(III) 

      724.4 (8 %) Fe 2p1/2 

 

Pure 3-PYP 

285.0 (84 %) C–C/C=C/C–H   399.3 (88 %) =N–N/N=C   

286.3 (16 %) C–N/C=N   400.9 (12 %) Oxidized 

nitrogen 
  

 

3-PYP/Carbon 
steel after 

immersion  

 

285.0 (50 %) C–C/C=C/C–H 530.2 (40 %) Fe2O3/Fe3O4 400.0 (85 %) =N–N/N=C 707.1 (6 %) Fe0 

286.5 (17 %) C–N/C=N 531.8 (47 %) FeOOH/Fe(OH)3 401.8 (81 %) =N+H 711.0 (44 %) Fe2O3/ 

Fe3O4/FeOOH 

288.7 (33 %) C=N+ 532.9 (13 %) Adsorbed H2O   713.7 (19 %) FeCl3 

      719.5 (10 %) Satellite of 

Fe(III) 

      724.4 (21 %) Fe 2p1/2 

 

The deconvolution of the O 1s spectrum for carbon steel surface after immersion in 1 M HCl 

solution containing 3-PYP may be fitted into three main peaks (Fig. 15). The first peak (located at 

approx. (530.2 eV) is attributed to O
2

, and in principle could be related to oxygen atoms bonded to 

Fe
3+

 in the FeO and/or Fe2O3 oxides [93]. The second peak (located at approx. 531.8 eV) is ascribed to 

OH

, is attributable to oxygen in hydrous iron oxides, such as FeOOH and/ or Fe(OH)3 [93]. Finally, 

the third peak at 532.9 eV may be assigned to oxygen of adsorbed water [94]. 

The Fe 2p spectrum for 3PYP-treated steel surface was fitted using two doublets, 711 eV (Fe 

2p3/2) and 724.1 eV (Fe 2p1/2), with an associated ghost structure (Fig. 15 and Table 4). The 

deconvolution of the high resolution Fe 2p3/2 XPS spectrum consists in four peaks. These peaks may 

be assigned as being due to iron in environments associated with iron oxide and hydroxide. Indeed, the 

first peak located at 707.1 was assigned to metallic iron (Fe
0
) [92,95]. The second peak at a BE ~ 711.0 

eV assigned to Fe
3+

 as mentioned in [90], was attributed to ferric compounds such as Fe2O3 (i.e., Fe
3+

 

oxide) and/or Fe3O4 (i.e., Fe
2+

/Fe
3+

 mixed oxide) and FeOOH (i.e., oxyhydroxyde), [96,97], while that 

located at around 713.7 eV is attributed to the presence of a small concentration of FeCl3 on the metal 

surface [98,99]. 
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Figure 15. The XPS deconvoluted profiles of C 1s, O 1s, N 1s and Fe 2p for carbon steel after 24 h 

immersion period in 1 M HCl in the presence of 1.2 mM of 3-PYP at 30 °C. 

 

The last peak, observed at 719.5 eV is ascribed to the satellites of the ferric compounds as 

mentioned previously [95]. Inspection of the Fe 2p3/2 XPS results for 3-PYP-treated carbon steel after 

immersion in HCl medium shows that in comparison with untreated surface steel (Table 4) the 
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aggressive solution induced an imbalance in favor of Fe
3+

 in the proportion Fe
3+

/Fe
0
: the component 

centred at 711.0 eV becomes prevalent (Table 4). The significant decrease in Fe
0
 amount established 

therefore that the steel surface becomes largely oxidised in acid solution.  

On the basis of XPS analyses, the obtained results give evidence of chemical interactions 

between the 3-PYP inhibitor and carbon steel surface. Indeed, the presence of nitrogen species on the 

steel surface, such as =N structure and NC, confirms that the investigated pyridazine was 

chemisorbed on the carbon steel surface and corroborates the thermodynamic study. Thus 3-PYP can 

be regarded as good inhibitor for carbon steel corrosion in normal hydrochloric acid medium.  

 

 

 

4. CONCLUSION 

Concluding the experimental part, it was clearly demonstrated that all techniques used, 

especially electrochemical techniques, are able to characterize and to follow the corrosion inhibition 

process promoted by 3,6-bis(3-pyridyl)pyridazine (3-PYP). It was shown that 3-PYP exhibits good 

inhibition properties for the corrosion of carbon steel in 1 M HCl solutions at 30°C, and the corrosion 

inhibition efficiency increases with increasing the inhibitor concentration. The corrosion inhibition 

efficiencies, determined by weight loss, polarisation and EIS methods are in reasonable agreement. 

The polarisation curves indicate a mixed-type suppression of both anodic and cathodic processes. In 

the presence of 3-PYP, the impedance spectra are well described by a structural model of the interface 

carbon steel/1 M HCl + inhibitor with two time constants – they are attributed to the double layer 

charging and adsorption of the inhibitor. Both double-layer and adsorption capacitances are distributed 

and therefore modelled by constant phase elements (CPE) due to the surface inhomogeneity. The 

adsorption of 3-PYP obeys the Temkin adsorption isotherm. The thermodynamic parameters and XPS 

analysis reveal that the inhibition of corrosion by 3-PYP is due to the formation of a chemisorbed film 

on the metal surface.  
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