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Ethanedihydrazide as a Corrosion Inhibitor for Iron in 3.5% NaCl
Solutions
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ABSTRACT: Corrosion of iron in sodium chloride (3.5% wt) solutions and its inhibition by ethanedihydrazide (EH) have been
reported. Electrochemical impedance spectroscopy (EIS), cyclic potentiodynamic polarization (CPP), and change of current with
time at —475 mV (Ag/AgCl) measurements were employed in this study. Scanning electron microscopy (SEM) and energy-
dispersive X-ray (EDX) techniques were utilized to report surface morphology and elemental analysis, respectively. The presence of
5 X 107> M EH was found to inhibit the corrosion of iron, and the effect of inhibition profoundly increased with an increase in EH
concentration up to 1 X 10~* M and further to 5 X 10~* M. The low values of corrosion current and high corrosion resistance, which
were obtained from the EIS, CPP, and change of current with time experiments, affirmed the adequacy of EH as a corrosion inhibitor
for iron. Surface investigations demonstrated that the chloride solution without EH molecules causes severe corrosion, while the
coexistence of EH within the chloride solution greatly minimizes the acuteness of chloride, particularly pitting corrosion.

1. INTRODUCTION

Corrosion of metals is a major problem since it costs many

nitrate have been employed as corrosion inhibitors for steel
pipelines,’ mild steel (MS),” and AA2024 aluminum alloy,’

billion dollars annually. The physiochemical interaction
between a metal and its environment leads to variations in the
properties of the metal, which may affect the function of the
metal. Therefore, inhibition of metal corrosion is of paramount
importance owing to the utilization of metals in various fields of
innovation. Although metals are not completely safe from
corrosion, we can prevent corrosion to some extent in metals.
For this reason, corrosion inhibitors are used to interact with a
metal surface and hence prevent metal corrosion. Iron metal and
its numerous alloys are considered the most important materials
as they have numerous practical applications. Iron is used to
make alloys in addition to the manufacture of ships, rails,
bridges, pipes, boilers, reinforcement steel, etc. Interestingly,
iron corrosion causes a loss of one-fourth of world’s production
in a year and this is an economic catastrophe.

According to the literature, many organic and inorganic
compounds are utilized as inhibitors in controlling the corrosion
of metals in 3.5% NaCl. Among these inorganic inhibitors,
sodium molybdate, cerium nitrate, and Ce(IIL, IV) ammonium
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respectively. In the context of preservation of different metals in
3.5% NaCl brine solution using organic inhibitors, many
substances have been evaluated. Macedo et al. studied the
inhibition mechanism of imidazole and some of its derivatives
onto an iron surface in 3.5% NaCl medium.* The outcomes
showed that the considered compounds act as anodic corrosion
inhibitors for iron in saline medium. Aslam et al. investigated the
inhibitory behavior of N,N’-didodecyl-N,N’-digluconamidee-
thylenediamine gemini surfactant on mild steel (MS) corrosion
in 3.5% NaCl at 30—60 °C.° The compound mitigated
corrosion, and the degree of inhibition was dependent on
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concentration and temperature. Moreover, 3-amino-5-mercap-
to-1,2,4-triazole,” 5-(3-aminophenyl)-tetrazole,” 1,1'-thiocarbo-
nyldiimidazole,” sodium 2-(4-(benzo[d]thiazol-2-ylthio)-6-
(hexylamino)-1,3,5-triazin-2-ylamino) ethanesulfonate,” hex-
amine, "’ (3-amino-1,2,4-triazole-5-thiol and 1,1’-thiocarbonyl-
diimidazole),"" (2-sulfhydryl)-(5-phenmethyl)-(1-(4-phenol)-
methanimine)-triazole,'> poly(ethyleneimine),'® 1-butyl-3-
methylimidazolium chloride,'* and cetylpyridinium chloride"
have been examined as corrosion inhibitors for different metals,
especially iron species, in the same medium.

Although the previously mentioned inhibitors have an
excellent corrosion inhibition efficiency, their high cost
encourages researchers to look for alternative sources. For this
reason, plant extracts/natural materials are chosen to restrain
corrosion of metals because of their low cost, safety, and easy
accessibility; moreover, they are environmentally friendly and
biodegradable. Othman et al. examined the inhibition efficiency
of rice straw extract for steel in 3.5% NaCL'® Suarez et al.
investigated the inhibition effect of mango extract as a corrosion
inhibitor on carbon steel by varying the pH of the electrolytic
medium.'” Furthermore, the corrosion inhibition performance
of apple (})omace,ls Elettaria cardamomum,'” and Myrmecodia
pendans2 for C1010 steel, mild steel, and carbon steel,
respectively, was evaluated in 3.5% NaCl medium and the
accomplishments proved the effectiveness of these materials.

It is reported that efficient inhibitors are those compounds
that contain heteroatoms like O, N, S, and P, which cause
physical/chemical adsorption on metal surfaces.”"*> The
inhibition performance of these compounds is enhanced in
the order O < N < S < P.”*™** In continuation of previous work
on examining some N- and O-containing organic inhib-
itors,”° " the authors have considered the corrosion inhibiting
behavior of a hydrazide, namely, ethanedihydrazide (EH)
(Figure 1), on iron corrosion in an NaCl solution. Although

N/N\C—c//O:

N
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Figure 1. Structure of ethanedihydrazide (EH).

some reports have documented the use of hydrazides as
corrosion impeding agents for some iron species such as
N'[(1E)-(4-hydroxyphenyl)methylene]isonicotinohydrazide
and N’-[(1E)-(4-hydroxy-3-methoxyphenyl)methylene]-
isonicotinohydrazide,”® hydroxyphenylhydrazide,”" sulfonohy-
drazide derivatives,”> and pyrazine carbohydrazide,® the
corrosion inhibition ability of ethanedihydrazide for iron in
neutral chloride medium (3.5% NaCl) has not been achieved up
to now. It is noteworthy that the molecular structures of many
reported inhibitors that slow down the corrosion rate of metals
in a 3.5% NaCl environment often contain N and/or O
heteroatoms and 7-bonds (particularly as NH, C=0, and NH,
functional groups) analogous to the molecular structure of the
studied inhibitor. Surely, the inhibition property of EH is
attributed to its adequate chemical structure. The lone pairs of
electrons on the heteroatoms (N, O) and the existence of x
bonds in the entire structure, besides its ability to chelate with
metals,>* are assumed to be significant factors that induce the
adsorption of this molecule on an iron surface.

In view of the inhibitive impact of organic compounds
containing N and O heteroatoms, we examined the effect of
ethanedihydrazide (EH) on iron corrosion in aerated 3.5% NaCl
solutions employing various electrochemical strategies. The
cathodic, anodic, and corrosion currents, corrosion potential,
corrosion rate, and corrosion resistance of iron were assessed
from the polarization data. Electrochemical impedance spec-
troscopy (EIS) experiments were performed to report Nyquist
plots as well as the values of polarization resistances. The
absolute flow currents and the influence of tested samples on
corrosion inhibition were determined from the chronoampero-
metric current versus time runs. Scanning electron microscopy
(SEM) analysis was performed to portray the surface
morphology of iron metal after corrosion process. Energy-
dispersive X-ray (EDX) techniques were used to detect the
composition of the adsorbed layer on the iron surface in the
absence and presence of the EH inhibitor.

2. EXPERIMENTAL SECTION

2.1. Chemicals and the Electrochemical Cell. Ethanedi-
hydrazide (EH) was supplied by Sigma-Aldrich. NaCl salt (99%
purity) was delivered by Merck. A high-purity iron rod (99.99%)
with an area of 0.25 cm? was purchased from Goodfellow
(Ermine Business Park, Huntingdon, England) and was used as
the working electrode in this work. Electrochemical measure-
ments were performed in a traditional three-electrode electro-
chemical cell that can accommodate 0.250 L of solution. A Pt
sheet and a silver—silver chloride (Ag/AgCl) electrode were
employed as the counter and reference electrodes, respectively.
The iron working electrode was prepared and emplogred to
obtain corrosion results as reported in previous studies.*>*® EH
powder was dissolved in dimethylformamide (DMF) to prepare
a stock solution of 0.01 M EH. A stock solution of 7% NaCl was
prepared by dissolving 70 g of powdered sodium chloride
(NaCl) in 1000 mL of bidistilled water. The desired chloride
solutions without and with EH molecules were synthesized from
the stock solutions by dilution.

2.2, Surface Electrochemical Strategies and Charac-
terization. The electrochemical experiments were measured
using a PGSTAT302N Autolab that was delivered by Metrohm.
The EIS data were obtained at the open-circuit potential value
with frequency ranging from 100 MHz to 100 mHz. The
impedance measurements were obtained via applying a +5 mV
amplitude sinusoidal wave perturbation. The polarization
investigations (cyclic potentiodynamic polarization (CPP))
were carried out by scanning the potential from —1200 to +100
mV (Ag/AgCl) with a scanning rate of 1.66 mV/s. The current—
time experiments were performed for the iron rod by stepping
the potential to —475 mV for 1 h. The SEM micrographs and
EDX investigations were collected using a JEOL microscope
with an EDX unit attached; the machine operated at 15 kV. All
experiments were performed in triplicate on a newly polished
surface of iron with a fresh test solution at a temperature of 25 +
3°C.

3. RESULTS AND DISCUSSION

3.1. Electrochemical Impedance Spectroscopy. The
EIS technique was employed to report corrosion and corrosion
inhibition processes.’”** Nyquist plots for the iron rod after (1)
1 and (2) 48 h immersion in (a) 3.5% blank NaCl solution and
3.5% NaCl solutions with (b) 5x 1075, (c) 1 X 107 and (d) 5 x
10™* M EH are shown in Figure 2. It was observed that the
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Figure 2. Nyquist plots for the iron rod after (1) 1 h and (2) 48 h immersion in (a) 3.5% blank NaCl solution and 3.5% NaCl solutions with (b) § X

10°MEH, (c) 1 X 100* M EH, and (d) 5§ X 10~ M EH.

spectrum obtained for iron in the blank chloride solution
(Figure 2a) had the lowest diameter for the obtained semicircle.
Mixing § X 107> M EH with chloride solutions (Figure 2b)
resulted in a wider diameter of the plotted semicircle; this effect
was enhanced on adding higher concentrations of EH, 1 X 107*
M and further 5 X 107* M.

The experimental data were fitted to an equivalent circuit that
is exhibited in Figure 3. The symbols of the circuit can be defined

Rs —@—
“W- ,WRP

Figure 3. Circuit model that fits the impedance data.

as follows: a solution resistance (Rg), constant phase elements
(CPEs, Q), and a polarization resistance (Rp). The values of
these parameters were determined for the iron rod in all tested
solutions, in addition to the inhibition efficiency percentage (IE/
%) for the EH compound (shown in Table 1). The IE% values
were obtained as follows™” ~**

Re ~Re o 100

Rp

(o]

IE% = —
(1)

Here, R} and RY are the polarization resistances for the iron rod
in chloride solutions without and with EH inhibitor molecules
present, respectively.

The Nyquist plots in Figure 2 reveal that the addition and
increment of EH concentration minimize the corrosion impact
of NaCl solution via inhibiting the deterioration of the iron rod.
This can be deduced from the breadths of the semicircle in the
Nyquist plots for 3.5% NaCl solution with EH. The values
recorded in Table 1 also ascertain that the presence of EH

Table 1. Values of EIS Parameters and IE% for Iron in 3.5% NaCl without and with EH

Q (CPEs)

parameter (solution) R, (Q cm?) Yo (F/cm?) n Rp (Q cm?) IE (%)
3.5% NaCl + 0.0 M EH (1 h) 9.65 7.45 x 106 0.86 655
3.5% NaCl + 5 x 10~° M EH (1 h) 1023 6.55 x 107 0.89 1231 46.82
3.5% NaCl + 1 X 10~* M EH (1 h) 1091 6.02 % 107 091 1974 66.84
3.5% NaCl + 5 x 10~* M EH (1 h) 11.54 572 % 107 093 3259 79.91
3.5% NaCl + 0.0 M EH (48 h) 10.13 7.23 x 107 0.82 691
3.5% NaCl + $ X 1075 M EH (48 h) 10.86 6.77 %107 0.86 1484 $3.43
3.5% NaCl + 1 x 10~* M EH (48 h) 11.44 533 % 107 0.89 2137 67.71
3.5% NaCl + 5 X 107* M EH (48 h) 11.97 442 %107 091 3632 81.04
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Figure 4. CPP curves for the iron rod after (1) 1 h and (2) 48 h immersion in (a) 3.5% blank NaCl solution and 3.5% NaCl solutions with (b) 5 X 10~

MEH, (c) 1 X 107* M EH, and (d) 5 X 107* M EH.

Table 2. Data Obtained from Figure 4 for the Iron Rod in the Different Examined Solutions

solution B. (mV/dec) E.. (mV)
3.5% NaCl + 0.0 M EH (1 h) 80 —945
3.5% NaCl + 5§ X 107° M EH (1 h) 75 —930
3.5% NaCl + 1 X 107* M EH (1 h) 70 —945
3.5% NaCl + 5 X 107* M EH (1 h) 65 —925
3.5% NaCl + 0.0 M EH (48 h) 70 —940
3.5% NaCl + 5 X 10™> M EH (48 h) 65 -925
3.5% NaCl + 1 X 10™* M EH (48 h) 75 —870
3.5% NaCl + 5 X 10™* M EH (48 h) 65 —830

By (mV/dec)  jou (uA/ecm®)  Rp (Qem?®) Ry, (mmpy)  IE (%)
115 3.2 641.03 0.0823

120 2.0 1003.3 0.0514 37.55

125 15 1300.6 0.0386 53.10

135 1.0 1766.3 0.0257 68.77
110 2.1 885.7 0.0540

105 0.75 23274 0.0193 64.26

115 0.55 3588.5 0.0141 73.89

9§ 0.40 4195.0 0.0103 80.93

increased all resistances (Rg and Rp) for iron, and this influence
was boosted by augmentation of EH concentration. The
presence of Q (CPEs) with the values of its “n” exponent
varying between 0.8 and 0.9, indicated that Q can be considered
as twofold layer capacitors with some porosity.

The impedance (Zcpg) and admittance (Y¢pg) of a CPE are

defined as follows™
Zepg = (1/Yp) (o)™ 2)
Yepe = Yo(j)" (3)

where Y, is the modulus, @ is the angular frequency, j is the
imaginary unit, and # is the phase.

The values of Yq (listed in Table 1) decrease when EH is
present in the chloride solution and with increasing EH
concentration. This can be attributed to the reduction of the
capacitive impacts via the reduction in the local dielectric
constant along with the growth in the thickness of the electrical
double layer. EIS results subsequently boost the claim that the
adsorption of EH molecules increases the inhibition of the iron
surface; the adsorption process increases with the increment in
EH concentrations. This suggestion is also supported by the

increase of the IE% values with the increase of EH
concentrations. It is worth mentioning that prolonging the
immersion time to 48 h increases the inhibition efliciency of EH,
particularly at a high concentration (5 X 107* M).

3.2. Cyclic Polarization (CPP) Data. Polarization, CPP,
investigations were performed to report the corrosion reactions
for the iron rod in the chloride solutions without and with EH
added. Figure 4 displays the polarization measurements
obtained for the iron rod after (1) 1 and (2) 48 h exposure in
(a) 3.5% blank NaCl solutions and 3.5% NaCl solutions with (b)
5% 1075 (c) 1 x 107 and (d) 5 X 107* M EH. The corrosion
current values (j,,), corrosion potential (E,,), anodic, f3,, and
cathodic f. slopes, corrosion rate (R,), and polarization
resistance (Rp) were obtained as reported in earlier studies.”> ™
The values of all of these parameters are listed in Table 2. The
values of IE% were also calculated from polarization curves as
per the following equation®
i .0
7]@" n Jeor X 100

Jeore )

1IE% =

https://doi.org/10.1021/acsomega.1c01422
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Here, jo, and j., are the corrosion current densities for the
iron rod in the chloride solution with and without EH molecules,
respectively.

Figure 4 clarifies that the current in the cathodic side
decreased until it reached the values of j,,, after which the
current increased in the anodic branch. The cathodic reaction
for iron at these conditions was reported6_8 to be a reduction of
oxygen as follows

2H,0 + O, + 4e” — 40H" (5)

On the other hand, the reaction in the anodic branch was
reported to be the active dissolution of metallic iron to a ferrous
cation, followed by the appearance of a passive region due to
iron hydroxide and then oxide layer formation as follows’

Fe’ = Fe’™ + 2¢~ (6)
Fe’ + 1/2 O, + H,0 — Fe(OH), )

Owing to the instability of the formed Fe(OH),, it is
transformed to an iron oxide, which leads to the appearance of a
long passive region. This region is due to the slow increase in
current values accompanied by the increment of the potential in
a less negative direction. Transformation of the hydroxide into
an oxide can be shown by the following reaction®

1/2 O, + 3Fe(OH), — Fe,0, + 3H,0 (8)

The current abruptly increases again due to the breakdown of
the formed oxide film on the surface during passivation, which
motivates the occurrence of pitting corrosion as well. The
following reactions may take place with positive potential
increment and attack of the chloride ions®™**

Fe (s) + 2Cl (aq) = FeCly(s) + 2e~ (9)
FeCl,(s) = FeCl,(interface) — FeCl,(aq) (10)
FeCly(s) + ClI™(aq) = FeCly(s) + e~ (11)
FeCly(s) = FeCl,(interface) = FeCly(aq) (12)

In reality, the presence of a hysteresis loop confirms the
occurrence of pitting corrosion, where the currents in the
forward direction are less than their values in the back scan
direction. It is well known that the severity of pitting corrosion
increases with increasing size of the hysteresis loop.

The polarization curves (Figure 4) and Table 2 indicate that §
X 107> M EH reduced the cathodic and anodic currents and the
values of j,.. and R .., which increased the R}, value. This effect
increases on increasing the EH concentration to 1 X 10"*Mand
further to 5 X 10~* M. The highest IE% value was obtained at 5 X
10~* M. Prolonging the immersion to 48 h before measurement
promotes the EH efficiency, as seen in Table 2. Moreover, an
increase in immersion time minimizes the degree of corrosion as
a result of the thickening of an oxide film and/or the formation
of a corrosion product layer. Whenever the thickness of the
formed film increases, the degree of corrosion by the chloride
solution decreases. In addition, the availability of EH in the
solutions leads to the adsorption of its molecules onto the
external surface of the iron rod, thus preventing corrosion. This
is emphasized in the data listed in Table 2, as j.,, and R ..
diminished, while the values of IE% and R, increased with
increase in EH concentration. Increment of EH concentration
also decreases the pitting corrosion degree. In comparison to

other organic comé)ounds, EH can be regarded as a good
corrosion inhibitor.”” #4730

3.3. Change of Current with Time Measurements. The
change of current versus time after 1 and 48 h for the chloride
solution without/with EH was performed. These experiments
were carried out to report the influence of EH concentration on
the pitting corrosion of the iron rod. Figure Sa shows the

@
3]
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Figure S. Current—time curves collected at —475 mV (Ag/AgCl) for
the iron rod immersed for (a) 1 h and (b) 48 h in 3.5% NaCl solutions
containing (1) 0.0 EH, (2) 5 X 10°M EH, (3) 1 X 10"*M EH, and (4)
$x 107" M EH.

current—time curves collected at —475 mV (Ag/AgCl) for the
iron rod in 3.5% NaCl solutions containing (1) 0.0 EH, (2) S X
107 EH, (3) 1 X 107* EH, and (4) 5 X 10™* M EH after 1 h
immersion. The same experiments were performed after 48 h,
and the curves are plotted in Figure Sb. It was observed that the
initial current obtained for the iron rod in all solutions, both after
1 h (Figure Sa) and 48 h (Figure Sb), recorded low values.
Perhaps, this occurred because of oxide film formation during
the immersion of the iron electrode prior to application of the
potential. An increase in the time of potential application
enhances the output current for all samples, confirming the
occurrence of pitting corrosion. The most elevated current
values were obtained for the iron rod in solution containing no
EH. Besides, the continuous increment of the current values,
which were recorded for the iron rod in 3.5% NaCl blank
solution, indicated that both uniform and pitting corrosion have
occurred. Here, the dissolution of iron into ferrous ions happens
as per eq 6. Furthermore, at the applied potential value, the
surface of the iron rod reacts with Cl~ of the solution to form
FeCl, as in eq 9. The FeCl, surface film transfers to the FeCl,
surface film. Mixed films of FeCl, and FeCl; move to the
interface and finally to the solution via eqs 10—12, respectively.

At5x 10> M EH (Figure Sa, curve 2), the absolute value of
the obtained current decreased due to the increase in the degree
of uniform corrosion. Furthermore, an increase in EH
concentration to 1 X 10™* M (Figure Sa, curve 3) resulted in
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Figure 6. SEM micrographs and EDX spectra collected after holding the potential at —475 mV for 1 h (Ag/AgCl) for the iron surface that was
immersed in (a) 3.5% NaCl and (b) 3.5% NaCl + 1 X 10~* M EH solutions for 48 h before measurement.

lower currents, particularly with expansion of the potential and Na suggests that some NaCl salt may be adsorbed on the
application period. Increment in the concentration of EH to 5§ X iron surface.
10~* M (Figure Sa curve 4) led to the decrease of the current to The SEM image shown in Figure 6b clearly portrays that the
the least values. This affirmed that the presence of EH molecules outer surface is completely covered with an inhibitor layer and/
restrained the consumption of iron metal, and this impact was or corrosion products, in addition to the absence of any pits. The
improved through an increase in the concentrations of EH in the atomic percentages of the discovered elements on the surface of
chloride solution. the iron rod (given by EDX analysis) were as follows: 56.98% Fe,
After 48 h exposure (Figure Sb), the change of current showed 35.40% O, 4.65% C, 1.55% Cl, and 1.42% Na. The percentage of
almost similar behavior to those acquired after 1 h (Figure Sa), Fe here is excessively less, while that of O is too high in contrast
where there was a steady increase in its value with time for the to that revealed by Figure 6a. The surface is more passivated
iron rod in all solutions. The most elevated currents were because of the presence of EH molecules. The low percentage of
registered for the iron rod in the NaCl blank solution, while the Na and Cl proves the presence of a thin adsorbed layer of NaCl
presence of EH subsequently diminished the absolute current, salt on the surface of the iron rod. The SEM images and EDX
which reduced further on increasing EH concentration. This is profile are in good agreement with the impedance, CPP, and
on the grounds that EH molecules get adsorbed on the outer chronoamperometric electrochemical estimations.
surface of iron and diminish the corrosive attack of chloride
solution. 4. CONCLUSIONS
3.4. SEM/EDX Analysis. To explore the morphology and The corrosion of iron in 3.5% NaCl solution and its inhibition by
the elements existing on the outer surface of the iron rod after ethanedihydrazide (EH) molecules have been reported and the
being corroded in the chloride solution in the presence and outcomes can be concluded as follows:

absence of the EH compound, SEM analysis and EDX
investigation were performed. Figure 6 displays the SEM images
and EDX spectra that were obtained after the iron rod was

e EIS data indicated that the molecules of EH can inhibit
corrosion of iron via enhancing its corrosion resistance

immersed in () 3.5% NaCl and (b) 3.5% NaCl + 1 X 107 M ° CPP mv.easurements r.evealed that EH mitigates corros%on
EH solutions for 48 h before stepping the potential to —475 mV of iron in NaCl soh.1t19n by suppressing the. values of jor
(Ag/AgCl) for 60 min. The SEM graph exhibits so many wide and R, and magnifying the Rp values for iron
pits that resulted from the harsh effect of the chloride ions along e Chronoamperometric results obtained at —475 mV (Ag/
with the active applied potential value. The element contents AgCl) showed that the presence of EH decreases the
(atomic %) on the iron surface recorded by EDX analysis were possibility of pitting corrosion and reduces the values of
75.44% Fe, 14.26% O, 8.11% C, 1.26% Cl, and 0.93% Na. The absolute currents with the increase in time
highest percentage is obtained for Fe, followed by O, which o The inhibitive impact of EH was found to increase with
suggests that the surface may develop an iron oxide film as per the increase in its concentration from § X 10 to 1 X 107*
eqs 7 and 8. The presence of low and almost equal amounts of CI M and further to 5 X 107 M
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e Prolonging the exposure time from 1 to 48 h prevents
corrosion of iron in NaCl solutions and increases the
inhibition efficiency of EH, particularly at its high
concentrations

SEM/EDX outcomes agree well with the data obtained by
the electrochemical techniques; all data clearly presented
that the degree of pitting corrosion is higher in the case of
NaCl blank solution, while the availability of EH
decreases the occurrence of pitting.
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