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Abstract

The anticorrosion characteristics of sulfachloropyridazine
(SCP) as an eco-friendly inhibitor for the corrosion of mild
steel in 0.5 M H,SO, solution has been studied, for the first
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time, using potentiodynamic measurements and electroch-
emical impedance spectroscopy (EIS). The possible
synergistic effect of halide ions on the inhibitive effect of
SCP has been investigated. Thermodynamic calculations .
indicated that SCP adsorption on steel surface obeyed . s v
Langmuir adsorption isotherm. Electrochemical measur- \ 1 v
ements showed that the SCP acted mainly as an anodic o7 =0 100 50 o
inhibitor. Halides significantly promoted the inhibition
performance of SCP through the pre-adsorption on the
electrode surface which is positively charged under the
present conditions.
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Introduction

Carbon steel is the primary material used in many applications such as cooling water systems and other industrial
water distribution systems. Carbon steel suffers from the relatively limited corrosion resistance. On the other hand
acids are used for descaling and removing of corrosion products. In acid media steel should be protected from the
further attack of the harsh environment. In this correspondence organic inhibitors are usually added to inhibit the
corrosion of steel during pickling. Organic inhibitors contain hetero atoms such as oxygen, nitrogen, sulfur and
phosphorous. In addition, they also contain double bonds, triple bonds and aromatic rings. All these enhance the
adsorption process and result in the formation of an effective coating on the surface of the metal. This coating forms a
barrier between metal and the corrosive environment and protects the metal from undergoing corrosion [1-12].

For the reason of increasing environmental protection, green inhibitors became very popular, ‘‘green’’ corrosion
inhibitors has been addressed toward the goal of using cheap, effective molecules at low or ‘‘zero’’ environmental
impact [13]. Over the years, many scientists tried to find suitable green corrosion inhibitors in various corrosive
media [14-17]. These compounds include for examples certain amino acids and derivatives [18, 19], ascorbic acid
[20], succinic acid [21], tryptamine [22], caffeine [23] and extracts of natural substances [24-27]. In the present work
the inhibitive action of an eco-friendly compound on the corrosion of mild steel in 0.5 M H,SO; is studied. The
possible synergistic action of halides on the inhibitive action of SCP is also investigated. Potentiodynamic
measurements and impedance spectroscopy are used for this purpose. Subsequently, thermodynamic factors are
derived.
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Experimental
Materials and Methods

Mild Steel Sample: Tests 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 cm? were used.
Inhibitor: Sulfachloropyridazine (SCP) of structure shown in Figure 1, sodium halides were obtained from Sigma-

Aldrich and used as received.
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Figure 1 Structure of sulfachloropyridazine (SCP)

Solutions: The solution of 0.5 M H,SO4 was prepared by dilution of AR grade 98% H,SO.. Stock solutions of SCP
and sodium halides were prepared in 0.5 M H,SO, and the desired concentrations were obtained by appropriate
dilution.

Electrochemical Measurements: Electrochemical experiments were carried out in a conventional three-electrode cell
with a platinum counter electrode (CE) and Hg/Hg>SO4/SO+* coupled to a fine Luggin capillary as a 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 cm? 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 15 min at 25 °C 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 0.5 M H,SO;, solution were measured against the reference electrode for 60 min.

Results and Discussion

The variation of open circuit potential of mild steel as a function of exposure time (Eocp - t) in 0.5 M H2SO4 in the
absence and presence of 10 uM SCP is presented in Figure 2. Several interesting points can be extracted from this
figure;

1. The Eocpin the blank solution shifted anodically towards the steady state which is obtained after ca. 10 min. This
positive shift is attributed to the initial dissolution process of the air formed oxide film and the attack on the bare
metal.

2. Inthe presence of the inhibitor, the Eocp shifted initially to positive potentials compared with that in the absence
of inhibitor and then shifted cathodically. The initial positive shift could be attributed to the adsorption of the
inhibitor and the partial attraction of electrons by the electronegative nitrogen in the inhibitor decreasing the
electron density on the iron.
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3. The steady state is attained faster in the presence of the inhibitor compared with the blank response. With
increasing the concentration of the inhibitor the anodic shift in the open circuit potential increases (see Table 1,
Column 1) indicating that the inhibitor might act mainly as an anodic inhibitor. It has been reported that Eoce
displacement could be utilized as a diagnosis of the type of the inhibitor; if Eocp is at least £85 mV different to
the one measured in the blank solution it can be classified as an anodic or cathodic inhibitor [28, 29]. In the
present case, the maximum shift is around 56 mV (obtained in the presence of 200 uM of SCP) revealing that the
present inhibitor acts as a mixed type inhibitor with a preferential restrain on the anodic process.
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Figure 2 Open circuit potential, Eocp vs. time, for mild steel immersed in 0.5 M H>SO, (Blank) in the absence and
presence of 10 uM SCP at 25 °C.

Figure 3 shows the polarization curves of mild steel obtained in 0.5 M H>SO4 in the absence and presence of various
concentrations of SCP at 25 °C. The various associated electrochemical parameters extracted from this figure such as
the corrosion potential, Ecor, COrrosion current density, icor, Tafel slopes, be and b, and the percentage inhibition 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 tremendous; the anodic branch bodily shifted to lower currents. Also the corrosion potential shift to anodic
direction and the shift increases with increasing SCP concentration consistently with the results shown in Figure 2.
However, 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 [30].

The protection efficiency is given by:

%Pz{l—l

i
corrl j| 100 (1)

corr2

where icom and icorr2 are corrosion current densities in the absence and presence of inhibitor, respectively. Figure 4
shows the dependence of the protection efficiency on the concentration; the dependence is of sigmoid shape; i.e. %P
increases with the concentration until it reaches a plateau at protection efficiency ca. 87 % indicating the significant
inhibition efficiency of the present inhibitor under the present conditions.

For further insight into the corrosion inhibition process the corrosion behavior of mild steel in 0.5 M H>SO4 both
in the presence and absence of SCP compound is investigated by the electrochemical impedance spectroscopy (EIS)
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at 298 K after 30 min of immersion and shown in Figure 5. The charge-transfer resistance (R;) values are calculated

from the difference in the impedance at lower and higher frequencies [31]. Then the double layer capacitance (Cq) is
calculated using Eq. 2;

1
Cy=|——[x100 2
; |:27meacht)} ( )

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

Table 1 Polarization data for mild steel in 0.5 M H,SO4 with sulfachloropyridazine

10°[SCP], M  Ecor Pe B, leorr 0 % P
(mV) (mV/dec)  (mV/dec) (pnA/cm?)

0 -458 92 83 199 - -

1 -440 93 81 105 0.47 47

3 -425 95 79 68 0.65 65

6 -418 96 76 50 0.75 75
10 -412 99 75 34 0.82 82
20 -406 97 76 23 0.88 88

—w=— Blank
——+=1x10° M
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Figure 3 Potentiodynamic polarization curves for mild steel in 0.5 M H,SQO4 in the absence and presence of different
concentrations of SCP at 25 °C.
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where R: and Ryinn 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 [32]. The deviation from pure semi-circle behavior known as frequency depression happens due to roughness
and inhomogeneity of the surface during corrosion [33]. The increase of concentration of SCP increases the
semicircle radius, obviously. Moreover, since the polarization resistance is attributed to the diameter of semicircles,
and from the figure it is clear that the diameters of semicircles significantly increase with the increase in
concentration. This is attributed to the increase in the substrate impedance with the increase in inhibitor
concentrations.
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Figure 4 Dependence of protection efficiency of SCP on concentration.

Effect of Immersion Time

Figure 6 shows Nyquist impedance plots for the steel that was immersed in 0.5 M H,SO4 solutions containing 10 uM
SCP at different time intervals; data in the absence of SCP is not shown. Increasing the immersion time of steel in the
absence of SCP decreases the diameter and the value of |Z|, which indicates the corrosiveness action of the sulfuric
acid that does not allow the steel surface to develop oxide layers or corrosion products and that effect increases with
increasing time of contact between the acid and the steel. Interestingly the presence of SCP significantly increases
both the diameter of the obtained semicircle and values of |Z| with increasing immersion time indicating the
significant corrosion inhibition in the presence of SCP [34].

Synergism

Under the present conditions SCP inhibitor is expected to be protonated, i.e., positively charged (pKa and pKaz equal
1.90 and 5.40, respectively [35]). Based on the potential of zero charge iron is expected to be positively charged [36].
Thus the adsorption of the positively charged inhibitor on the steel surface would be retarded. There are several
controlling factor for the inhibiting effect of organic inhibitors such as the molecular structure of the organic
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compounds, surface charge density and the potential of zero charge of the metal. The adsorption of positively charged
inhibitor is expected to be enhanced by increasing the negative charge density on the metal surface. Thus the pre-
adsorption of a halide could enhance the adsorption of the SCP inhibitor due to ion—pair interactions between the
molecules and the halide ions, resulting in what is the so-called inhibition synergism. This interaction can be
quantized by a parameter called synergism parameter (Se) [37] which is defined as,
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Figure 5 Nyquist plots of SCP on mild steel in 0.5 M H,SO, 25 °C.
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Figure 6 Nyquist plots of 1x10°> M SCP on mild steel in 0.5 M H,SO; at different time intervals.
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where 6142 = (61 + 62) — (6102), 01 and 6; are the degrees of surface coverage in the individual presence of the halide
ion and the SCP, respectively, and 6"+ is the degree of surface coverage in their coexistence. Sy approaches unity
when no interaction takes place between the inhibitor molecules and the halide ion, So > 1 and Sp < 1 denotes
synergistic and antagonistic effects, respectively [38]. Figure 7 shows the impedance plots of mild steel in 0.5 M
H2SO4 in the absence of halides and SCP, in the individual presence and in their coexistence, 10 uM each. Panels a, b
and c are for chloride, bromide and iodide, respectively. The different electrochemical parameters are given in Table
2. As can be seen the inhibition efficiency in the presence of either halide or inhibitor is low as revealed from the
small semicircles. However when both species are present, the radius of the impedance plots significantly increases,
i.e., a significant increase in the inhibition efficiency, in the presence of very low concentration of both species, is
obtained (as shown in Table 2). The extent of the enhancement is represented as synergistic parameters. In the
presence of any of the studied halides the Sy values are found to be higher than unity, suggesting a real synergistic
action of halide ion with the inhibitor. The above results reveal that SCP can act effectively as a corrosion inhibitor in
the presence of halide ions even at low concentrations of SCP (in the micromolar range). The obtained Sy is in the
order: CI- < Br < I" in agreement with literature [28, 39].
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Figure 7(a-c) Nyquist plots of 1x10° M SCP on mild steel in 0.5 M H,SO, in the absence and presence of 1x10° M
of halide; panel (a) for KCI, panel (b) for KBr and panel (c) for KI.
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Table 2 Polarization data and synergism parameter (Sg) for SCP and halide ions on mild steel in 0.5 M H,SO4

at 25 °C.
System, Ecorr P Ba lcorr %P 0 So
1x10° M (mV)  (mV/dec) (mV/dec) (pA/cm?)
Blank -458 92 83 199 - -
SCP -440 93 81 105 47 0.47
Cr -451 95 71 171 15 015 1.32
SCP + CI’ -442 97 79 67 66 0.66
Br -455 91 79 143 31 031 1.35
SCP + Br -441 95 77 53 73 0.73
I -451 96 73 123 39 039 1.39
SCP + I’ -438 91 69 45 77 0.77

Adsorption Isotherm
The adsorption of an inhibitor involves the substitution of the adsorbed water molecules (H2O(gs)) by the inhibitor
molecules according to the following equation;

Orgsolyt NH20 adsy— Org(ads) + NH20 sy (5)

where Orgsoy and Orgads) are the organic molecules in the aqueous solution and the adsorbed one, respectively. n is
the number of water molecules replaced by one inhibitor molecule. The basic information on the interaction between
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/halide ions systems accord with Langmuir isotherm,
given by Eq. 6 [40], and the plots are presented in Figures 8 and 9 for SCP alone and SCP/halide, respectively.

l+C
K (6)

c
0

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. The correlation coefficients and slopes
confirm this assumption. Consequently Inhibitor exerts its action via the formation of monolayer, and there is no
interaction between the inhibitor molecules [41]. The parameters derived from Langmuir, i.e. K and change in free
energy of adsorption AG%gs are given in Table 3. The large value of K reflects the stronger ability of adsorption of the
inhibitor on the metal surface. AG%gs Was calculated using Eq. 7 [42];

AGOadsz'RT In(555Kad5) (7)

where R is molar gas constant (8.314 J K1), T is temperature in Kelvin and value 55.5 is the concentration of water in
mol dmd in solution.
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Figure 8 Langmuir adsorption isotherms for SCP on mild steel in 0.5 M H,SO, at 25 °C.
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Figure 9 Langmuir adsorption isotherms for SCP and halide ions on mild steel in 0.5 M H,SO, at 25 °C.

Table 3 Values of Kags and AGags for SCP and halide ions on mild steel in 0.5 M H.SO,at different temperatures.

Temp, K

10-3 Kads, m0|-1

AGads, kJ m0|-1

298
308
318
328

73.54
72.46
73.53
76.32

-37.71
-38.94
-40.24
-41.61
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The large negative value of AG°gs indicates the strong adsorption of the inhibitor. Generally speaking, the energy
values of AG%gs < —20 kJ mol™ are associated with an electrostatic interaction between charged inhibitor molecules
and charged metal surface, i.e., physisorption; while those > —40 kJ mol* involve charge sharing or transfer from the
inhibitor molecules to the metal surface to form a coordinate type bond, i.e. chemisorption. Thus in the present case
(AG®gs ca. 40 kJ mol?) 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 [43].

The activation thermodynamic parameters of steel dissolution namely, the enthalpy of activation (AHags) and
entropy of activation (ASags) IS obtained from the transition state equation [44]:

(202 o)

where N and h are Avogadro’s number and Plank’s constant, respectively. Figure 10 shows the relation between
log(lcorr / T) vs. 1/T. AHags and ASags Were obtained from the slope and intercept, respectively and given in Table 4.
The positive sign of AHags reflects the endothermic nature of the dissolution process. The large and negative sign of
ASags In the absence and presence of the inhibitor implying that the activated complex in the rate-determining step
represents association rather than dissociation, meaning that a decrease in disorder takes place, going from reaction to
the activated complex [45].

Table 4 Activation parameters for the corrosion of mild steel in 0.5 M H,SO, in the absence and presence of SCP

inhibitor
10° [SCP], M Ea, kJ mol? AHags, kJ mol™ ASags, J molt K
0 15.16 12.68 -158.29
1 16.17 13.85 -161.21
3 17.41 15.06 -159.13
6 16.85 14.38 -164.30
10 14.30 12.22 -174.23
20 21.32 18.74 -156.0
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Figure 10 Transition state plots for the corrosion of mild steel in 0.5 M H,SO; in the absence and presence of SCP
inhibitor.
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Kinetic Parameters for Inhibitor

The dependence of the corrosion rate on temperature is given by the Arrhenius equation:

iCOI’I’ = Aexp (_Ria j

(9)

where E. represents the apparent activation energy, A is the pre-exponential factor, and icrr iS the corrosion rate.
Figure 11 shows the Arrhenius plots of In icorr vVS. 1/T in the absence and presence of different concentrations of SCP
at different temperature. The values of E, listed in Table 4 are obtained from the slopes of the Arrhenius plots. The
linear regression coefficients of all plots are over 0.99 indicates the validation of the employed kinetic mode. The
increase in the values of E, in the presence of inhibitor indicates a strong adsorption of the inhibitor molecules at the
metal surface. It has been reported that [46-48] there are several cases regarding the effect of an inhibitor on the
activation energy and inhibition efficiency; 1% case %P decrease with increasing temperature and E, in the presence of
the inhibitor is larger compared with the blank, 2" case is the reverse to case one, i.e., %P increase with temperature
and E, in the presence of the inhibitor is lower compared with the blank and the third case %P is independent of
temperature and E, values in the absence and presence of inhibitor are the same. In the present case both %P and E,
are slightly affected. Thus follows the third one indicating the efficient inhibition irrespective of the temperature,
within the studied temperature rage. The slight increase in the activation energy might classify the adsorption of SCP
as a physical one [49-51]. However based on AGags and AHqgs values the adsorption might be classified as a chemical
mode. Therefore, it is concluded that, the adsorption of molecules on the mild steel surface takes place through both
physical and chemical processes simultaneously [52].
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Figure 11 Arrhenius plots for the corrosion of mild steel in 0.5 M H2SO4in the absence and presence of SCP
inhibitor.
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