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Abstract- The synergism between sulfachloropyridazine (SCP), halides and/or copper ions on the inhibition of the corrosion of mild steel 
in 0.5 M H2SO4 solution has been studied using potentiodynamic measurements and electrochemical impedance spectroscopy (EIS). It has 
been found that the corrosion inhibition of mild steel by SCP is enhanced in the presence of halides and/or copper ions. SCP alone 
preferentially inhibits the anodic branch while Cu2+ + SCP inhibits the anodic branch and promote the cathodic one. However, the overall 
effect is that the inhibition efficiency in the latter case is larger than the former. In the presence of SCP + Cu2+ + halides, the inhibition 
efficiency is the largest and the promotion of the cathodic current by Cu2+ is overweighed by adding halides. Thus adding both Cu2+ and 
halides to SCP significantly inhibit the anodic branch while keeping the effect on the cathodic branch negligible. Experimental results fits 
with Langmuir isotherm. 
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I. INTRODUCTION 
Deterioration of materials due to corrosion waste 

resources, decrease productivity, damage environment and in 
the worst cases personal might be injured, even lives lost [1].  
The production efficiency and life time of the equipment in 
addition to products poisoning are another examples of the 
bad impact of the formation of scale as a result of corrosion. 
Using acids in pickling, cleaning, descaling, to remove 
undesirable scales and corrosion products is one of the 
remedial solutions [2, 3]. However acids should be mixed 
with corrosion inhibitors  to reduce the further dissolution of 
metals in such harsh media. Utilizing organic inhibitors has 
been a subject of interest for long time [4-8]. The inhibition 
efficiency of these inhibitors are inherently related to the 
presence of at least one functional group (reaction center) 
which acts as a center for the establishment of the adsorption 
process [9-11]. 

Recently many organic inhibitors has been reported as 
toxic and thus much interest has been paid to finding an 
environmentally corrosion inhibitors [12-26]. On the other 
hand several studies have been reported on the joint 
adsorption of organic inhibitors with anions and/or cations on 
the surface of corroded metal [27-34].  Such joint adsorption 
follows the formation of donor�acceptor surface complex 
between free or -electron of an organic inhibitor and vacant 
d-orbital of a metal [35]. 

Inhibition efficiency of a corrosion inhibitor could be 
increased via the enhanced adsorption or the complexation 
with cations on the surface of the corroded metal. Such way 
of inhibition is called synergism in which a small  

 

 

 

concentration of an inhibitor exerts a significant inhibition 
efficiency in the presence of a secondary cheap species.  This 
process is controlled by several factors including for example 
the potential of zero charge of the corroded metals [23] and  
the relative inhibition efficiency of the complex formed 
compared with the individual substituents.   

II. EXPERIMENTAL 
Electrochemical measurements were performed on mild 

steel of the following composition (wt. %): 0.07% C, 0.29% 
Mn, 0.07% Si, 0.012% S, 0.021% P and the remainder iron. 
Samples of 0.5 cm2 were used. Sulfachloropyridazine (SCP) 
of structure shown in Fig. 1, copper salt and sodium halides 
were obtained from Sigma-Aldrich and used as received. 

 
 
 
 
 
 
 
 
 
 

Fig. 1 Structure of sulfachloropyridazine 

The solution of 0.5 M H2SO4 was prepared by dilution of 
AR grade 98% H2SO4. Stock solutions of   sodium halides 
were prepared in 0.5 M H2SO4 and the desired concentrations 
were obtained by appropriate dilution. 
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Electrochemical experiments were carried out in a 
conventional three-electrode cell with a platinum counter 
electrode (CE) and a Hg/Hg2SO4/SO4

2- coupled to a fine 
Luggin capillary as the reference electrode (RE). In order to 
minimize the ohmic contribution, the Luggin capillary was 
kept close enough to the working electrode (WE) which was 
fitted into a glass tube of proper internal diameter by using 
epoxy resins. The WE surface area of 0.5 cm2 was abraded 
with emery paper down to 2000 on test face, rinsed with 
distilled water, degreased with acetone, and dried with a cold 
air stream. Before measurements the electrode was immersed 
in the test solution at open circuit potential (OCP) for 20 min 
at 25 ïC or until the steady state is obtained. All 
electrochemical measurements were carried out using 
PGSTAT30 potentiostat/galvanostat. The potential of 
potentiodynamic polarization curves was done from a 
potential of -250 mV vs. OCP, to 250 mV vs. OCP at a scan 
rate of 2 mV/s. Current densities were calculated on the basis 
of the apparent geometrical surface area of the electrode. The 
measurements were repeated at least three times to test the 
reproducibility of the results.  The open circuit potentials 
(OCP) of samples in H2SO4  solution was measured against 
standard Ag/AgCl electrode as a reference electrode for 60 
min. 

 
 

 

 
 

 

 

III. RESULTS AND DISCUSSION 
 Figure 2 shows the polarization curves of mild steel 
obtained in 0.5 M H2SO4 in the absence and presence of 
various concentrations  of  SCP  at  25 oC.  Electrochemical 
parameters extracted  from  this figure  are given in  Table 1. 
As can  be  seen  the effect  of  SCP   on  the  cathodic  
branch  is negligible,  while the  effect  on  the  anodic branch 
is significant;   the  anodic  branch  bodily  shifted   to   lower  

Fig. 2 Potentiodynamic polarization curves obtained at mild 
steel electrode in 0.5 M H2SO4 in the absence and presence of 
sulfachloropyridazine at 25 oC. 

currents, i.e., SCP preferentially inhibit the anodic branch. 
Also the corrosion potential shifted to anodic direction. 
However, the potential shift  is  not  enough  for  the inhibitor 
to be  nominated  as  an  anodic  inhibitor.   The effect of the  
inhibitor concentration on the Tafel slopes is negligible 
indicating that the inhibitor exerts its action via simple 
blocking, and that the adsorption of the inhibitor does not 
change the mechanism [36]. 
 
 
          The protection efficiency is given by: 

                        % P = 
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where, icor1 and icor2 are corrosion current densities in the 
absence and presence of inhibitor, respectively. Values of 
the protection efficiencies obtained in the presence of 
different concentrations are given also in Table 1. The 
maximum inhibition efficiency (ca. 75 %) obtained in the 
presence of 60 M SCP. Under the present conditions SCP  
is positively  charged  as  pKa1  and  pKa2 of SCP equal 
1.90 and 5.40, respectively [37]. Based on this the corrosion  
 
 
 
 

 
 
 
 
 
 
 
 

 
inhibition  could  be  enhanced  by  adding  halides  to SCP  
solutions  where  the  pre-adsorption  of halide enhances the  
adsorption of positively charged SCP under the present 
conditions. On the other hand it has been reported that SCP 
form complexes with copper ions [38]. This is utilized here  

 
Fig. 3 Potentiodynamic polarization curves obtained at mild 
steel electrode in 0.5 M H2SO4 containing 1.0 x10-5 M SCP 
and different concentrations of copper ions  at 25 oC. 
 

System Ecorr 
(mV) 

âc 
(mV/dec) 

a 
(mV/dec) 

Icorr 
(µA/cm

2) 

è % P 

Blank -458 92 83 199 -- -- 
1x10-5 M SCP -440 93 81 105 0.47 47 
3x10-5 M SCP -425 95 79 68 0.65 65 
6x10-5 M SCP -418 96 76 50 0.75 75 

Table 1. Polarization data for mild steel in 0.5 M H2SO4 in   the absence and presence of SCP. 
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in the possible enhancing of the inhibition efficiency of 
SCP via the complexation with copper ions. 
        Fig. 3 shows the polarization curves obtained at mild 
steel in 0.5 M H2SO4  in the absence and presence of constant 
concentration  of  SCP and different concentrations of copper  
ions.  Electrochemical  parameters  obtained  from  this figure  
is given in Table 2. Inspection of Figure 3 and Table 2 
reveals  the significant  increase  in the inhibition efficiency  
 
. 

 

 

 
 
 
 
 
 
upon adding copper ions to SCP; for instance, while the 
inhibition efficiency in the presence of 10 M SCP equals 
47 %, it increases to 84 % upon adding 50 M Cu2+ to the 
10 mM SCP, i.e. the inhibition efficiency is almost the 
double of that in the absence of copper ions. It is 
noteworthy to mention that even though the inhibition 
efficiency increases (as a reflection of the whole process) 
the individual current of the cathodic branch is increased in 
the presence of SCP + Cu2+ compared with SCP alone. It 
has been reported that copper retard the hydrogen evolution 
as the exchange current densities of hydrogen evolution at 
copper and  iron are of the same order [39]. It is noteworthy 
to mention that Ecorr is shifted regularly in the anodic 
direction upon increasing the concentration of the copper 
ions; it shifts from -458 mV (obtained in blank solution) to 
-341 mV (obtained in the presence of  10 M SCP + 50 M 
Cu2+), i.e. the shift in the corrosion potential is 117 mV. 
Thus in the present case the 10 M SCP + 50 M Cu2+ 
mixture could be considered as an anodic inhibitor blend 
[24].  

 
 
 
 
 
 
 
 
 
 
 
 
 

   Because of the significant increase in the current of the 
cathodic branch as a result of the increase of copper ion 
concentration, low concentration of copper (10 M) was 
selected and then the effect of increasing the concentration of 
the chloride was examined and the results are shown in Fig. 
4. Electrochemical parameters extracted from this figure is 
given in Table 3. Interestingly the inhibition efficiency 
increased from 47 % in the presence of 10 M SCP only, to 

83 % in the presence of 10 M SCP + 10 M Cu2+ + 30 M 
Cl-.  It is noteworthy to mention that such large inhibition 
efficiency is attained while keeping the cathodic branch 
current is little bit larger than the blank response. The 
maximum shift in the corrosion potential equals 99 mV, and 
the mixture could be assigned as a mixed type inhibitor, 
similar to the above case.   
 

 
 
 
 

 
 
 
 
 
 
 
 

Fig. 4 Potentiodynamic polarization curves obtained at mild 
steel in 0.5 M H2SO4 (Blank) in the absence and presence of 
sulfachloropyridazine with copper ion and chloride at 25 oC 

 
 
 

 
 
 
 
 
 
 
 
 

     
      For further insight into the corrosion inhibition process 
the corrosion behavior of mild steel in 0.5 M H2SO4 the 
electrochemical impedance spectroscopy (EIS) at 298 K after 
30 min of immersion are conducted both in the presence of 
constant concentration of Cu2+ and different concentrations of 
SCP  and shown in Fig. 5. The charge-transfer resistance (Rt) 
values are calculated from the difference in the impedance at 

System Ecorr 
(mV) 

âc 
(mV/dec) 

a 
(mV/dec) 

Icorr 
(µA/cm

2) 
è % P 

Blank -458 92 83 199 -- -- 
1x10-5 M inh -440 93 81 105 0.47 47 

inh + 1x10-5 M Cu++ -397 97 80 57 0.71 71 
inh + 3x10-5 M Cu++ -362 102 86 45 0.77 77 
inh + 5x10-5 M Cu++ -341 106 88 31 0.84 84 

System Ecorr 
(mV) 

âc 
(mV/dec) 

a 
(mV/dec) 

Icorr 
(µA/cm

2) 
è % P 

Blank -458 92 83 199 -- -- 
1x10-5 M inh -440 93 81 105 0.47 47 

inh + 1x10-5 M Cu++ -397 97 80 57 0.71 71 
inh + aCu++ + 1x10-5 M Cl- -381 97 80 47 0.76 76 
inh + Cu++ + 2x10-5 M Cl- -368 95 81 38 0.81 81 
inh + Cu++ + 3x10-5 M Cl- -359 97 79 35 0.83 83 
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Table 2. Polarization data for mild steel in 0.5 M H2SO4 in the absence and presence of sulfachloropyridazine (SCP) with 
different concentrations of copper ion 

Table 3. Polarization data for mild steel in 0.5 M H2SO4 in the absence and presence of sulfachloropyridazine (SCP) 
with constant  concentrations of copper ion and different concentration of chloride. 
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lower and higher frequencies [40]. Then the double layer 
capacitance (Cdl) is calculated using Eq. 2 ; 

                     Cdl = 









)2

1

max tcRf
100                               (2) 

where, fmax is the frequency at which the imaginary 
component of the impedance is maximal (Zmax). The 
inhibition efficiency is calculated from the following 
equation; 

           % P = 
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where, Rt and Rt/inh are the charge transfer-resistance values in 
the absence and presence of inhibitor, respectively. As can be 
seen from this figure, all the Nyquist plots contain slightly 
depressed semicircles with the center under the real axis. This 
implies that corrosion of the mild steel in 0.5 M H2SO4 
solution mainly controlled by a charge-transfer process [41]. 
Parameters extracted from Fig. 5 are given in Table 4. 

Fig. 5 Nyquist plots obtained at mild steel in 0.5 M H2SO4 in 
the presence of constant concentration of Cu2+ and different 
concentrations of SCP 
       The deviation from pure semi-circle behavior known as 
frequency depression happens due to roughness and 
inhomogeneity of the surface during corrosion [22]. The  
polarization resistance in the presence of Cu2+ increased. On 
adding SCP the  diameters of semicircles significantly 
increase with the increase in concentration. This is attributed 
to the increase in substrate impedance with the increase in 
inhibitor concentrations.  This could be explained based on 
the formation of Cu-SCP complex on the electrode surface. 
The inhibition efficiency is increased to 90 % in the presence 
of  200 M SCP + 20 M Cu2+. 
Table 4. Effect of [inh] on the polarization resistance and 
protection efficiency for corrosion of mild steel in 0.5 M 
H2SO4 (blank) and after addition of 2x10-5 M Cu++ at 25 oC.   

System Rct (Ω) % P 
Blank 52 -- 

2x10-5 M Cu++ 120 57 
Cu++ + 1x10-5 M Inh. 204 74 
Cu++ + 2x10-5 M Inh. 261 80 
Cu++ + 5x10-5 M Inh. 357 85 
Cu++ + 1x10-4 M Inh. 455 89 
Cu++ + 2x10-4 M Inh. 541 90 

 

       Fig. 6 shows the impedance plots obtained at carbon 
steel in the absence and presence of constant concentration of 
SCP  and Cu2+, 10 M each, while increasing the 
concentration  of  halides.  Parameters  extracted  from  this  

Fig. 6 (a-c). Effect of halide ions on the corrosion of mild 
steel in 0.5 M H2SO4 (blank) in the presence of 
sulfachloropyridazine and copper ion at 25 oC. 
 
figure are given in Table 5. It is clear that the semi-circle 
radius increase upon adding halides to H2SO4 solution 
containing 10 M SCP + 10 M Cu2+ which is reflected on 
the increase in the inhibition efficiency.  However the 
increase in the inhibition efficiency does not depend on the 
type of halide as the difference in the inhibition efficiency in 
the presence of any of the added halides is not that large. 
 
Adsorption Isotherm 
   The substitutional adsorption of an inhibitor to the adsorbed 
water molecules (H2O(ads)) is represented by the following 
equation;  
             Org(sol) + nH2O(ads)  → Org(ads) + nH2O(sol)                     (4) 
 
where, Org(sol) and Org(ads) are the organic molecules in the 
aqueous solution and the adsorbed one, respectively, n is 
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the number of water molecules replaced by one inhibitor 
molecule.  The basic information on the interaction between  
 
Table 5. Effect of halide ion concentration on the 
polarization resistance and protection efficiency for corrosion 
of mild steel in 0.5 M H2SO4 (blank) in presence of 
sulfachloropyridazine at 25 oC.   

 
 
the inhibitor and the mild steel surface could be extracted 
from the so-called adsorption isotherms. Adsorption 
isotherms provide useful insights into the mechanism of 
corrosion inhibition. Fitting of the experimental data to 
various isotherms including Langmuir, Temkin, and Flory�
Huggins isotherms has been examined, and it has been 
found that the experimental results in this study for SCP and 
SCP/copper ions systems accord with Langmuir isotherm, 
given by Eq. 5 [42], and the plots are presented in Fig. 7   
for SCP  and SCP/Cu2+.  

 

                           
C

K

C


1


                                            (5) 

where, K is the equilibrium constant for adsorption process 
which reflects the extent of interaction between the inhibitor 
and the metal surface and C is the concentration of the 
inhibitor. Consequently inhibitor exerts its action via the 
formation of monolayer, and there is no interaction between 
the inhibitor molecules [43]. The parameters derived from 
Langmuir, i.e.  K and change in free energy of adsorption 
∆Go

ads are given in Table  6. The large value of K reflects the 
stronger ability of adsorption of the inhibitor on the metal 
surface. ∆Go

ads was calculated using Eq. 6 [44]; 

                        ∆Go
ads= - RT ln(55.5Kads)                              (6) 

where, R is molar gas constant (8.314 J K-1), T is temperature 
in Kelvin and value 55.5 is the concentration of water in mol 
dm3 in solution. 
         The large negative value of ∆Go

ads indicates the strong 
adsorption of the inhibitor. Generally speaking, the energy 
values of ∆Go

ads ≤ −20 kJ mol
−1 are associated with an 

electrostatic  interaction between charged inhibitor molecules 
and  charged  metal  surface, i.e., physisorption;  while  those 
≥ −40 kJ mol

−1  involve  charge  sharing  or  transfer from the  

Fig. 7 Langmuir isotherm for mild steel in 0.5M H2SO4 
containing Inh. and (Inh + Cu2+) at 25 ◦C. 
 
inhibitor molecules to the metal surface to form a coordinate 
type bond, i.e. chemisorption. Thus in the present case 
(∆Go

ads ca. 40 kJ mol−1) chemisorption is the most probable 
mode with a small contribution of the physical mode, i.e., 
charge sharing between the inhibitor and the metal surface 
forming co-ordinate covalent bond [45]. 
 

 

 

IV. CONCLUSIONS 
       The synergistic corrosion inhibition of SCP by halides 
and/or copper ions has been studied in 0.5 M H2SO4 solution 
using potentiodynamic measurements and electrochemical 
impedance spectroscopy (EIS). Both halides and copper ions 
enhanced the corrosion inhibition of mild steel by SCP with 
preferential effect on the anodic branch.  Adsorption of SCP 
in the absence and presence of copper ions  fits with 
Langmuir isotherm . 

 

System Rct (Ω) % P 

Blank 52 -- 

1x10-5 M inh 100 48 

inh + 1x10-5 M Cu++ 144 64 

inh + Cu++ + 5x10-6 M Cl- 173 69 

inh + Cu++ + 1x10-5 M Cl- 198 74 

inh + Cu++ + 5x10-5 M Cl- 229 77 

inh + Cu++ + 5x10-6 M Br- 210 75 

inh + Cu++ + 1x10-5 M Br- 257 80 

inh + Cu++ + 5x10-5 M Br- 286 82 

inh + Cu++ + 5x10-6 M I- 252 79 

inh + Cu++ + 1x10-5 M I- 308 83 

inh + Cu++ + 5x10-5 M I- 355 85 

 Slope Intercept R Kads ∆Gads, kJ mol-1 

Inh 1.0912 2.1 x 10-5 0.9901 4.76 x 104 36.635 

Inh + Cu(II) 1.1121 0.2 x 10-5 0.9991 5.00 x 105 42.462 
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Table 6. The parameters of the linear regression obtained from the Langmuir adsorption isotherm. 
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