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In the last few decades, scientists have been interested in the deterioration and the corrosion of metals
and their alloys in the acidic environment, which is widely used in various industrial applications. To
develop new strategies that lead to control and inhibit the corrosion of metals, eco-friendly corrosion
inhibitors have received a lot of interest in recent years. In this context, the main goal of the current
study is to determine the functionality of two new synthesized hydrazone derivatives as potential
corrosion inhibitors for mild steel in acidic HCI solution. To achieve this goal, the corrosion inhibition
behavior of (E)-N'-(4-methoxybenzylidene)-2-(6-methoxynaphthalen 2-yl)propanehydrazide (HYD-3)
and N'-cyclohexylidene-2-(6-methoxynaphthalen-2-yl)propanehydrazide (HYD-4) on MS was studied
by employing electrochemical techniques in combination with surface characterization with the help of
SEM-EDS analysis. As a result of these investigations, the two inhibitors exhibited excellent
protection efficiency, and the best inhibition effect was shown by HYD-3 (90% at 5x10° M).
Potentiodynamic polarization (PDP) results demonstrated that the two inhibitors are mixed-type
inhibitors and that the adsorption isotherm of these molecules responds to the Langmuir model. Further
analysis obtained by impedance spectroscopy (EIS) tests showed that the studied inhibitors make a
positive impact on the mild steel corrosion process by increasing the polarization resistance with an
increase in the concentration of the inhibitor. Another important practical result is that the SEM-EDS
morphological information suggested that the studied compounds form protective films onto the MS
surface. Further, the impact of solution temperature and immersion time on HYD-3 performance has
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been evaluated. Finally, this work demonstrated significantly improved steel corrosion resistance and
could pave a way to develop new-tagged inhibitors in this field.
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1. INTRODUCTION

As the most basic metallic material in many industrial applications, mild steel (MS) has been
widely used owing to its remarkable mechanical properties, extremely good resistance to tensile, its
manufacturability, and economical price [1-3]. Much of the essential processes that MS has attracted
considerable attention are the chemical and petrochemical industrial field. At the same time, different
mineral acids like HCI, H2SOs, etc. are most commonly employed throughout these industries
processes [4,5]. The main applicability of these acids is acid cleaning, descaling, and drilling
operations in oil and gas exploration [6-8]. Nevertheless, during all the ineluctable activities based on
the use of mild steel for construction and or fabrication in several vital sectors, the mild steel provides
limited properties and applications in many aggressive environments especially those containing CI™
ions due to corrosion attack. This major deterioration of MS behavior is more announced in the
strongly acidic solution like chloride acid, which is very often used in many industrial applications [9—
11]. Nowadays, the corrosion of mild steel brings huge economic losses and operational problems in
most installations and industrial equipment [12,13]. As mentioned above, one could say that mild steel
is the raw material for a significant proportion of industrial activity, and the reduction of free energy
value is a fundamental reason for steel corrosion problems for any industrial system. Hence, all
previous details make the mild steel a sensible material to the corrosion phenomenon and factors
thought to be influencing MS corrosion have been explored in several studies. Up to now, a more
substantial approach to decrease damage due to corrosion with the longer-term significance in the field
of corrosion inhibition is the use of corrosion inhibitors due to its high efficiency, improved durability,
and its low cost [14-16].

Until recently, a great deal of previous research into mild steel corrosion inhibition has focused
on exploiting many eco-friendly corrosion inhibitors as an environmentally alternative to hazardous
and toxic compounds to limit material deteriorations [17-20]. During mild steel corrosion process,
these organic compounds play a crucial role, because it combines chemical action and electrostatic
interaction between the inhibitor molecules and metal surface. These organic compounds also may
play a fundamental role in the life cycle of mild steel and therefore addressing the issue of the
economic effect of corrosion [21]. When it comes to the use of inhibitors, many inhibitors compounds
have the inhibition effect for metal dissolution and meet the requirement to be environmentally
friendly and biodegradable. This indicates a need to understand the various perceptions of inhibitor
molecules that promoting environment safety and improving the inhibition efficiency. In this regard,
extensive research has shown that environmentally friendly organic compounds containing phenyl
rings, T bonds, and polar functional groups and heteroatoms (N, S, O, P), etc. considered to be the most
effective corrosion inhibitors [22-24]. From this point of view, it is necessary to develop green
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inhibitors with interesting characteristics that can answer different needs of industrial and
environmental applications. For these reasons, new organic hydrazone derivatives based on Naproxen
have been synthesized and evaluated for inhibiting corrosion of MS in the 1.0 M HCI solution.
Naproxen is one of the most regularly used propionic acid derivatives for the treatment of pain, joint
swelling and symptoms of arthritis. It is believed to work by blocking the action of cyclooxygenase
(COX) involved in the production of prostaglandins that are produced in response to injury or certain
diseases and cause pain, swelling and inflammation. However, its use is associated with some
gastrointestinal side effects possibly caused by the free acidic group present [25]. One of the easier and
safer ways to functionalize the carboxylate group in is its functionalization into hydrazones [26].
Hydrazones are a class of organic compounds characterized by the azomethine bond R1R2,C=NHNH_,
where Ri1, Rz can be different functional group, so that hydrazones represent a very important starting
materials in organic synthesis in addition to their biological importance.

In this perspective, this paper aims to evaluate the anti-corrosion effect of two new corrosion
inhibitors, namely (E)-N'-(4-methoxybenzylidene)-2-(6-methoxynaphthalen 2-yl)propanehydrazide
(HYD-3) and N'-cyclohexylidene-2-(6-methoxynaphthalen-2-yl)propanehydrazide (HYD-4) for mild
steel corrosion in 1.0 M HCI solution. Their corrosion inhibition performance were evaluated by
electrochemical impedance spectroscopy (EIS), potentiodynamic polarization (PDP) as well as weight
loss (WL) studies. Besides, immersion time for 24 hours and temperature effects from 303K to 333K
were studied through EIS and WL tests, respectively, and the stability of studied inhibitors is compared
and discussed. The results obtained using all mentioned experiments were confirmed by morphological
observations of MS substrate by SEM coupled with EDX analysis.

2. EXPERIMENTAL PROCEDURES
2.1. Mild steel preparation, electrolytes and inhibitors

This section describes the experimental approach and instrumentation utilized in this study. The
material tested is mild steel known by its nuance, having good mechanical characteristics, and

distinguished by its composition (wt %) given in Table 1.

Table 1. Elemental composition of the used mild steel coupons.

Atom Content (%)
Fe 99.21
C 0.21
Si 0.38
Mn 0.05
S 0.05
P 0.09

Al 0.01
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To prepare the electrolyte, a solution obtained from a 37% HCI acid of Sigma-Aldrich by
diluting it with distilled water. So, the acidic environment used in this study is 1 M HCI solution. For
the first step of these experiments, the polishing tool is a rotating disc containing 400, 800, 1200 and
1600 grit emery papers, which allow MS samples to mechanically polished. After the polishing of MS
samples, they were cleaned with distilled water, followed by an acetone wash, and finally transferred
immediately to the experimental tests. In this paper, the analyses were based on the prepared test
solutions with a concentration range fixed between 10 and 5x10° M to examine the impact of HYD-3
and HYD-4 molecules on mild steel (MS) corrosion in terms of inhibitors performances. Full
descriptions of the molecular structures, corresponding names and their characterization are given in
Table 2. The full synthesis procedure is described in details in our recent paper [27].

Table 2. Molecular structures of HYD-3 and HYD-4 along with their characterization.

Inhibitors Names and abbreviation

CHs
H
OO N\ /\Q
N
HyC 0 CHs
o g

(E)-N'-(4-methoxybenzylidene)-2-(6-methoxynaphthalen-2-

yl)propanehydrazide (HYD-3)
m.p = 170-173°C. IR (KBr): (C=0 amide 1653 cm™), (N-H
3195 cm?), (-C=N 1602 cm?). 'H NMR (400MHz,
DMSO): 6 = 1.4 (d, 3H, CH3), 3.3 (q, 1H, C-H), 3.8 (s, 6H,
OCHs), 8.3 (s, 1H, -CH=N-), 10.4 (s, 1H,-NH), 7.1-8.0 (m,
9H, aromatic protons). 3C-NMR & =18 (CHs), 43 (C-H
aliphatic), 56 (20CHs), 106-156 (14 aromatic carbons),
161(C=N), 173 (C=0 amide).

CH,
H
O O “\,/\/@
H4C 0
3 \O

2-(6-methoxynaphthalen-2-yl)-N'-((1E,2E)-3-

phenylallylidene)propanehydrazide (HYD-4)
m.p =190-192 °C. IR (KBr): (C=0 amide 1666 cm™), (N-H
3236 cmt), (-C=N 1606 cm™), (C-H aliphatic 2867-2952
cm™).'H NMR (400 MHz, DMSO): § = 1.4 (d, 3H, CH3),
3.4 (g, 1H, C-H), 3.8 (s, 3H, OCHBg), 10.0 (s, 1H, -NH), 7.1-
7.8 (m, 6H, aromatic protons), 7.8 (s, 1H, -CH=N). *C-
NMR 6 =18 (CHa), 44 (C-H aliphatic), 55 (OCHzs), 106-155
(10 aromatic carbons), 158 (C=N), 171 (C=0 amide).

2.3. Weight loss (WL) study

Weight loss is an important method designed to evaluate and determine the corrosion rate of

MS. Hence, the inhibition effect of studied inhibitors was primarily studied by weight loss method
owing to its simplicity and high consistency. WL measurements were performed in a stagnant aerated
solution. We choose rectangular substrates of MS with dimensions of 2.5 x 2 x 0.9 cm®. As explained
earlier, before each experiment, samples were prepared and thoroughly cleaned. During all weight loss
tests, the MS samples were weighed with a precision balance and then immersed in HCI solution with
and without different inhibitor concentrations for an immersion period of 24 hours at the temperature
range from 303 + 2 K to 333 K + 2 K. It would be interesting to repeat the experiments described here
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to confirm the results and only the average values were considered. After attaining 24h of immersion
time, the MS coupons were retrieved from test solutions, rinsed with distilled water, and weighted
again. All experimental methodology based on weight loss measures and MS specimens preparation
were carried out under the ASTM standard conditions [28]. Weight difference before and after
immersion in test solutions is estimated and represented by W (in gram) to calculate the corrosion rate
(Crw in mg cm2 h'l) by using the following equation (1):

K xW

C, =
RW AXtXp

1)

For K, A, and p parameters under the standard condition of ASTM; K was used as constant and equal
to 8.76x10% A is exposed MS area (A) in cm? and p represents the density and equal to 7.86 g cm ™3,
while t denotes immersion time in hours.

The corrosion inhibition efficiency of the tested compounds and their surface coverage (0) was
determined using the average mass loss estimated, as given below by using equations 2 and 3 [29-31]:

E, (%) :{C;%W}xloo 0)
g = B (%) ?3)
100

Where C;,, and Ch° corresponds to corrosion rates of the mild steel in the blank solution and after the
addition of different concentrations of HYD-3 and HYD-4 inhibitors, respectively.

2.4. Electrochemical studies for corrosion inhibition

All electrochemical tests have been conducted in a corrosion cell with three different functional
electrodes. The MS is used as working electrode, which has a surface area of 1 cm?, an electrode type
that is saturated calomel was used as the reference electrode, and the auxiliary electrode (counter-
electrode) is a platinum (Pt). It can be noted that the electrochemical system discussed above was
performed using Wuhan Corrtest Instruments Corp., Ltd. (Hubei, China) controlled with a computer,
and the electrochemical results were acquired using electrochemical analyzer software. Mild steel
electrode has been soaked in the corrosive solution, and the electrochemical experiments were run after
30 min at 303 K £ 2 K, to acquire a relatively stable value obtained by the open circuit potential
(OCP). Also, the analysis obtained for each method, including EIS and polarization curves are
estimated for 24 hours of immersion time in a tested solution. In this way, the EIS tests were done at
premeasured OCP by superimposing a sinusoidal AC potential perturbation of 5 mV in the frequency
range of 10 mHz to 100 kHz. For the electrochemical characterization of mild steel by PDP curves test,
the electrode potential was recorded automatically from -700 to -300 mV versus SCE with a scan rate
of 0.5 mV/s. Some possible methods and programs using to analyze experimental results, but EC lab
software is widely applied to extract the analyses and simulations of the test results obtained by EIS
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study. Once the PDP curves were extracted, the electrochemical parameters were estimated from Tafel
plots with the aid of Tafel extrapolation method.

2.5. Surface morphology study (SEM/EDS)

The scanning electron microscope, coupled with the EDX analysis, was introduced to observe
and analyze the surface of mild steel after an immersion time of 24 hours in 1.0 M HCI and the with
and without inhibitors. Besides, the EDX spectrum was analyzed to explore and provide information
on the elemental constituents of layers formed on MS before and after the addition of inhibitors
molecules.

3. RESULTS AND DISCUSSION
3.1. Comparison of inhibition effects using weight loss measurements
3.1.1. Effect of HYDs concentrations

The inhibition effects of HYD-3 and HYD-4 on mild steel substrates were firstly investigated
by weight loss studies to evaluate the anti-corrosive proprieties of these inhibitors in the acid solution.
Using this method, the effect of studied compounds concentration on the corrosion rate of MS was
investigated at a fixed temperature. Table 3 compares the results obtained from the preliminary
analysis of concentrations effect of HYD-3 and HYD-4 on both corrosion rate and inhibition efficiency
for 24 h of immersion at 303 K + 2 K. Closer inspection of Table 3 shows that after addition of
inhibitors to HCI medium, the corrosion rate (Crw) of MS decreases. In contrast, an increase in
inhibition efficiencies was observed. Also, data in Table 3 indicates that the two inhibitors were proven
to be highly efficient corrosion inhibitors for MS, reaching a maximum value of 91% and 89% in the
presence of HYD-3 and HYD-4, respectively, at 5x10°3 M. From these results, it is important to note
that there is clear evidence that the two inhibitors have more ability to be adsorbed on the MS surface
by increasing inhibitor concentration meaning that the surface area coverage of MS is significantly
increased. Therefore the MS dissolution is considerably decreased. Based on this, the attempt was
made to quantify the association between the excellent protection against steel corrosion by the studied
compounds and the special molecular proprieties of these compounds. In this context, it is supposed
that the presence of m-bonds in aromatic moieties, acyl group, imine group (C=N) on both inhibiting
molecules, as well as methoxy groups and molecular size of molecules are most likely attributed to aid
us to interpret and compare the performance of these inhibitors. Perhaps the most important
distinguishing between the inhibitory efficacies of the two studied compounds could be explained by
the functionality of the methoxy group (important electron-donating group) which enhances the
adsorption phenomenon onto the MS surface [32]. Most importantly, it is suggested that during the
corrosion inhibition process by organic inhibitors, the electron-donating groups promote the
complexation with mild steel surface leading to a complete blockage of corrosion of active sites by
forming a protective layer on the mild steel surface [33].
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Table 3. Corrosion parameters for mild steel in 1.0 HCI at different concentrations of HYD-3 and
HYD-4 for 24 hrs. at 303 K estimated from weight loss (zSD).

Inhibitor Concentration w o nwi
(mol/L) (mg/cm? x h) (%)
HCI 1 1.135 £0.0121 - -
5x10°° 0.102 £ 0.0015 0.91 91
1x1073 0.170 £0.0025 0.85 85
HYD-3 5x104 0.204 £0.0030 0.82 82
1x10™* 0.238 £ 0.0035 0.79 79
5x10° 0.136 £ 0.0085 0.88 88
HYD-4 1x1073 0.204 £0.0025 0.82 82
5x10 0.249 £0.0047 0.78 78
1x10* 0.295 % 0.0050 0.74 74

3.1.2. Temperature effect on inhibition performances HYDs

Questions have been raised about the stability of organic compounds under certain conditions
during corrosion inhibition process. There has been a surge of interest in the effects of temperature as an
important factor found to be influencing the inhibition efficiency for several organic compounds.
Furthermore, the precise effect of temperatures on the inhibition process perhaps increasing or reducing the
aggressiveness of electrolytes solutions and therefore influence both the efficacy of inhibitor and prolonged
use of mild steel in many industrial applications. For these reasons, it is important to examine and to get
more information into the impact of temperature on the inhibition mechanism in terms of inhibitor's
stability as indicated above. In this section, WL study has been performed to determine the possible effects
of temperature ranging from 303 to 333 K for both the corrosion rate of MS and the protection efficiency of
the studied inhibitor. Using this approach, Table 4 illustrates the effect of temperature on MS dissolution in
the absence and presence of different concentrations of (HYD-3) hydrazones. As Table 4 shows, on the one
hand, the corrosion rate values of mild steel surface for both inhibited and uninhibited system are increased
with the increase of temperature, and on the other hand, a decrease in protection efficiency of HYD-3 with
the rise in temperature was observed. This is mainly due to acid-catalyzed molecular fragmentation or
hydrolysis of the studied inhibitor at high temperatures, and therefore, the adsorption mechanism of
inhibitor is influenced [34—36]. More interesting, from this data (Table 4), there is no significant difference
between inhibition efficiency obtained at the same concentrations despite the rise in temperature. For
example, the protection efficiency of HYD-3 decreases from 91% to 88% at 5x10° M from 303 K to 333
K, respectively. Also, below this concentration, no significant decreases were observed in terms of
inhibition efficiencies. Comparison of the findings with those of other studies [37,38] confirms that the
maximum performance of HYD-3 hydrazone is important and could effectively inhibit mild steel
dissolution under aggressive environment (HCI) even at high temperatures.
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Furthermore, the key aspects of the temperature effect can be best evaluated and examined using
the Arrhenius plots. Utilizing this type of analysis approach to determine the activation and thermodynamic
parameters are essential and also useful to address the long term temperature effects during the corrosion
inhibition process. The obtained curves from Arrhenius equation and the transition state functions
described below (equations 4&5) [37,38] were fitted to estimate and shed more light on the
thermodynamic parameters such as enthalpy AH®of activation, apparent entropy AS* and activation
energy Ea for the MS corrosion in 1.0 M HCI in the absence and presence of different concentrations of
HYD-3 hydrazone.

—Ea
C, =KxeRT 4)
Cuw = - exp( Jexp(Ar (5)

In the above equations, the adsorption equilibrium constant is abbreviated Kags, T represents the
working temperature expressed in (K), R signifies the universal gas constant, it is worth 8.3144620 J
mol™? K, h is Planck’s constant and N denotes the number of Avogadro.

Arrhenius plots illustrated in Figure 1 (a-b) explore the relationship between In Cw. and In Cwi/T
vs. absolute temperature (1/T) for MS corrosive dissolution with and without hydrazones inhibitors. Table
5 displays multiple thermodynamic parameters calculated using the slope and intercept estimated from the
Arrhenius plots for analyzing the corrosion inhibition mechanism to give a full picture of the protectiveness
impact of HYD-3 in HCI solution at various temperatures. This Table is quite revealing of several
observations. First, the calculated (Ea) values are generally seen as a factor strongly related to the
concentrations of inhibitors, and all values of Ex for inhibited solution are greater when compared to those
of uninhibited solution.



Int. J. Electrochem. Sci., Vol.

15, 2020 9362

o —
L A L A

-1

1
—
L

(a)

T
\

LnC,, (mg emh )
~
[

+ Blank
31 . 5x10° M
1 » 1x10°m
41 o2 s5x10*M
. 1x10* M
300 305 310 315 320 3.25 3.30
1000/T (K™
4.0 ©)
4.5
—~ 5.0
! r
. ,5_5-
| = d
. 6.04
E J
O 6.5
m -
E -7.0-
= 7.5
2 1 # Blank
2 807 5x10° M
5 851 ¢ ux10°m
904 ¢ 5x10*M
1x10* M
G —————————————
300 305 310 315 320 325 3.30

1000/T (K™

Figure 1. Arrhenius plots; In Cwe vs. 1/T (a) and In Cw /T vs 1/T (b) for MS electrode with and without
various concentrations of HYD-3 in 1.0 M HCI at 303 K.

Table 4. The effect of temperature toward the corrosion rate (xSD) and inhibition efficiency for MS
steel in 1.0 M HCI in the absence and presence of HYD-3.

. Inhibition
Temperature  Corrosion rate Fici
Solution errciency
K mg/cm? xh %
303 1.135 £0.0121 -
Blank
1.0 M HCI 313 1.416 £0.0215 -
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323 1.998 £0.0214 -

333 2539 £0.0316 -

303 0.102 £ 0.0015 o1

313 0.141 % 0.0062 90

5x107 323 0.219 £ 0.0079 89
333 0.304 % 0.0070 88

303 0.170 £0.0015 85

313 0.226  0.0059 84

o 1x10°3 323 0.339 % 0.0062 83
333 0.457  0.0056 82

303 0.204 £0.0030 82

5x10 313 0.269  0.0078 81
323 0.399 % 0.0062 80

333 0.533 +0.0032 9

303 0.238 £ 0.0035 9

1o 313 0.311 + 0.0056 8
323 0.459 % 0.0063 g

333 0.609 £ 0.0040 6

This rise in Ea values in inhibited solution (with HYD-3) when correlated with those of the
blank indicates that the dissolution process of MS in the inhibited system is slower because the system
with inhibitors stimulates the energy barrier for corrosion reaction [39,40]. The second observation
from the obtained data was that the AH" values increase and AS*values are superior to that of the
uninhibited system, and it is negative. So, it can be suggested that the positive sign of AH* shows the
endothermic nature of MS dissolution and the negative values of AS*could be attributed to the fact that
there is a decrease in disorder during the switch from reagents to the activated complex during the
corrosion process [41]. Finally, for reference to specific studies carried out in this field [30,42,43], all
these findings suggesting the adsorption of studied inhibitor on mild steel surface which is a quasi-
substitution phenomenon between HYD-3 in HCI solution and H20O molecules present on the mild
steel interface.

Table 5. The values of corrosion kinetic parameters for mild steel in the presence and absence of
various concentrations of HYD-3.

Blank HYD-3
5x103 1x103 5x10* 1x104

Ea
(kJ mol-1) 23.12 31.15 28.26 27.45 26.88

AHa 20.48 28.51 25.62 24.81 24.24
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(kJ mol™?)
Om a2 y 17648 -170.02 1175.33 176.48 177.07
(Ej ;n%ffi) 2.64 2.64 2.64 2.64 2.64

3.2. Potentiodynamic polarization plots measurements
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Figure 2. Recorded plots of PDP for MS in HCI solution with and without HYD-3 and HYD-4 at
303K.

Exploring the relationships between corrosion current density and corrosion potential is
important for our heightened understanding of the reactions occurring on the surface of mild steel. To
this end, we conducted a PDP study in detail. This study provides important information on the
kinetics of the anodic and cathodic reactions of the corrosion process. After a 30 min immersion time
in the acid solution, PDP plots of MS coupons immersed in uninhibited and inhibited solutions were
made. Table 6 compiles the data calculated from the Tafel plots (Figure 2), including corrosion
potential (Ecorr) and corrosion current density (icorr) as well as the cathodic and anodic slopes of Tafel
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(Bc, pa). From the calculated values of corrosion current density, the inhibition efficiency was
estimated by using the following equation:

Eoop(%) :{1—?5?}100 (7)

corr

Where i,,and i/2° represent the corrosion current densities respectively without and with the

addition of different concentrations of HYD hydrazones.

Table 6 shows that the presence of two compounds has significantly shifted the corrosion
current densities to lower values, with the result that the corrosion of steel is strongly inhibited with the
addition of these inhibitors. Besides, it has been noticed that with increasing inhibitor concentrations,
the corresponding protective efficacy of HYD-3 and HYD-4 increases significantly. Also, there is no
significant change in the potential corrosion values in Figure 3 since the displacement in Ecorr between
the blank solution and the solution containing the inhibitors is not large. Based on this result, the effect
of corrosion inhibition by the studied compounds is generally mixed, i.e. it affects both the
development of cathodic hydrogen and the dissolution of the active metal on the anode branch [44,45].
It is possible that the unremarkable variation in the anodic and cathodic slopes of Tafel seen in Table 6
in the presence of HYD inhibitors could be attributed to the fact that the major anodic and cathodic
reactions during the dissolution mechanism of mild steel are controlled without modification [46].
However, the difference in per cent inhibition efficacy for the two inhibitors at the same concentrations
can be seen in Table 6. This is due to the synergistic effect of the different molecular properties of
these inhibitors, which adsorb to the surface of the steel [30,47-49]. This is well verified by the results
of previous studies which demonstrate a strong and consistent association between the unique
characteristics of these molecules and their high protective performance, which proves that hydrazone
derivatives with more interesting properties in their molecular structures have a strong interaction with
the MS surface.

Table 6. Potentiodynamic parameters values estimated from PDP curves of MS in 1.0 M HCI solution
in the presence and absence of various inhibitors concentrations at 303 K.

Inhibitor Concentration -Ecorr -fc - icorr Nppp
(M) (mV vs. SCE) (mV dec?) (mVdec!) (pA em?) (%)
Blank 1.0 496 £ 0.4 150 £3.5 92+57 564 2.3 -
5x10° 515%0.2 130 £6.8 84t7.4 54158 920
HYD.3 1x10° 503 £0.7 144134 88151 81*6.2 86
5x10* 505 £ 0.3 136 £ 4.2 82t28 92*4.2 83
1x10* 511 £0.6 139£538 79+3.9 108 £35 80
5x10° 508 £1.1 168 £59 78+68 89t5.2 88
HYD-4 1x10° 496 £ 0.4 160t28  70t71  114%57 84
5x10 483+ 1.4 154 £ 8.1 76149  132%43 79

1x10* 473%0.8 170 £ 8.1 74%57 67 £65 76
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3.3. Electrochemical impedance spectroscopy (EIS) measurements

3.3.1. Concentration effect
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Figure 3. EIS curves and Bode diagrams of mild steel substrate immersed in 1.0 M HCI solution
without and with various concentrations of HYD-3 inhibitor.

Impedance measurements have been performed for MS in 1.0 M HCI with and without several
concentrations of HYD-3 and HYD-4 inhibitors. Nyquist plots of uninhibited and inhibited solutions
containing variable concentrations of the inhibitory molecule are illustrated in Figures 4 and 5. Based
on the following equation, the double-layer electrical capacity (Ca) for each case was calculated
[6,50]:

Ca =QxRET ®)

With n indicating the phase shift that allows calculating the surface heterogeneity of mild steel [51,52].
Based on the EIS technique, for the determination of inhibitory efficacy, the following formula is used:
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RHYD —R°
p

Where R‘F’) and RpHYD signify the polarization resistance in the blank and with the addition of

inhibitors, respectively.
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Figure 4. EIS curves and Bode diagrams of mild steel substrate immersed in 1.0 M HCI solution
without and with various concentrations of HYD-4 inhibitor.

The double-layer capacitance (Ca) derived from the CPE, the efficacy, and other parameters
are also presented in Table 7. EIS spectra with the equivalent circuit exposed in Figure 5 were adjusted
to obtain R values significant for corrosion resistance. In previous works, it has been proven why the
polarization resistor is used as an alternative to the charge transfer resistor [2,53]. Mild steel EIS
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diagrams, taken without inhibitor and in the inhibited solutions after 30 min of immersion time, show
the existence of what appeared to be a single capacitive loop with increasing size as the inhibitor
concentration increases due to the charge transfer process. This produces a thin film on the metal
surface, which is strengthened in the presence of inhibitors. As inhibitor concentration increases, Rp
values increase while Cqvalues decrease, according to Table 7. High polarization resistance is linked
to a slower corrosion system [54]. This is well in line with the behavior of the phase shift (n). Based on
these results, it is suggested that adsorption takes place on the mild steel surface leading to the
formation of a protective thin film that inhibits the dissolution of MS in HCI medium. The phase angle
values for the two inhibitors used were always greater than white but less than -90°, indicating the non-
ideal capacitor.

[ Corrosion

Steel

Metal/solution interface W, E

Rp

Figure 5. Equivalent circuit model applied to fit and simulate the EIS experiments.

Table 7. Electrochemical parameter values obtained after fitting the impedance spectra of MS in 1.0 M
HCI with and without various concentrations of HYD-3 and HYD-4 at 303 K.

Inhibitor Concentration R, Qx107* Cal Goodness  7gs
(M) (2cm?) n ("0 lem™?)  (uFem™?)  offit(y) (%)
x 1073
Blank 1.0 20+15 0.89%0.005 1.761 % 0.0025 92 0.33 -

5x1073 4881t19 08310003 0.252310.0014 10 4.36 93

HYD-3 1x1073 2031+16 0.84%0.005 0.373110.0018 15 4.48 89
5x107* 200t1.2 082%0008 0.5696 % 0.0032 21 3.79 85

1x107* 163+15 08110006 0.8094 £ 0.0086 29 321 81

5x1073 352+t17 0.81%*0001 0.3675%E0.0048 13 1.38 91

HYD-4 1x1073 212+1.9 08010002 05461 0.0039 17 4.18 86
5x107* 165+15 07910007 0.7434 £ 0.0080 23 3.56 82

1x107* 118 £19 0.82*0.006 0.9281 % 0.0096 34 6.88 75
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3.3.2. Immersion time effect on the performance of HYD-3

To further confirm the successful performance of hydrazone derivatives to inhibit the corrosion
of mild steel, additional studies will be needed to develop a full picture into inhibition performances of
these compounds under various conditions having a considerable impact on the inhibitory efficacy.
Now, this part of this work focuses on the effect of immersion time, which is among the most
important factors influencing the performance of inhibition. For this, the effect of immersion time on
inhibition activity of HYD-3 compound has been performed using EIS study and then evaluated to
describe some of the more recent developments related to the variation of the performance of
hydrazone derivatives with the immersion time. More specifically, EIS measurements can determine
the tendency of HYD-3 to be more stable when placed in a specific corrosive environment (HCI) after
different immersion times; 30 min, 6h, 12h, and 24h at 303 K. Figure 6 shows the EIS plots obtained
for the uninhibited case and with the presence of 5x10° M of HYD-3 as a function of immersion time.

31 555n @ 30 min/ HYD-3
500 0] * cn, 6 h/ HYD-3
L 25-a—§;25ing [Rs+{CPERp)] 12h/ HYD-3
204 * 24 hf HYD-3
4001 51 —— Fitted line
10] A
Nf-'\ 4
£ 300 °1 Y
=) 0 . r k- . . A% r .
G 0 5 10 15 20 25 30 35
'

v L] v L] v L] v L] v 1
0 100 200 300 400 500
Z_ (Qcm’)

Figure 6. Nyquist curves of mild steel substrate immersed in 1.0 M HCI solution without and with
5x10-3 M of HYD-3 at various times.

Table 8 displays the results obtained from EIS curves related to electrochemical parameters of
the studied systems. From the data in Figure 6, it is apparent that the corrosion behavior of MS with
the variation of immersion time characterized by the appearance of a single capacitive loop for the two
studied systems. Furthermore, from this data (Table 8), we can see that the polarization resistance of
mild steel in the presence of HYD-3 decreases as the immersion time increases; from 12 Q cm? for the
blank solution to 265 ©Q cm? with the presence of HYD-3 (at 5x10° M) after 24 h of immersion time.
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Besides, the HYD-3 shows excellent inhibition performance over a long test time. Also, it can be noted
that the protection efficiency stays 93% even when increasing the immersion time to 24 h.

What is important for us to recognize here, is the more stability of inhibition efficiency with
time in the presence of HYD-3 inhibitor, which indicates that HYD-3 has much stronger adsorption
ability with mild steel surface through free electrons of the heteroatom present in that inhibitor.
Therefore, the protective film formed over the surface of MS becomes very compact and uniform,
which exhibits superior stability to improve the efficiency at longer immersion time.

Table 8. EIS parameters for mild steel in 1.0 M HCI without and with HYD-3 vs. immersion time.

Inhibitor Time R, Qx107* Cai Goodness  ngys
(H) (2cm?) n ("0 'em %)  (uFem?)  offit(¥) (%)
x 1073

0.5 29+15  0.89+0.005 1.7610 % 0.0025 92 0.33 -

Blank 6 23+25  0.84+0.007 25114+ 0.0037 94 2.45 -

12 18+17 0.83+0.004 29866+ 0.0084 102 3.24 -

24 12+2.9  0.88+0.003 3.0891 + 0.0031 144 1.14 -

0.5 488119 0.8310.003 0.2523%0.0014 10 4.36 93

HYD-3 6 322113 082%0.002 0.4451 *0.0032 17 5.18 92

12 238+t16 0.83*£0.003 0.5759 *0.0088 23 4.95 92

24 181t28 08110007 07723 £0.0032 30 2.50 93

3.4. Determination of adsorption type

Table 9. Thermodynamic parameters of MS corrosion in 1.0 M HCI solution with the presence of
HYD-4 and HYD-3 compounds.

- Temperature Kads AGPqqs AHa ASa
Inhibitor FZK) (L/mol) R® imol)  (kdmolY) (3 mol! K-Y)
HYD-4 303 20919 0999  -35.16 : .
303 18424 0999 -38.09
VD3 313 18001 0999  -37.01  -70.90 -10.83
323 17584 0999  -35.93
333 17172 0999  -34.84

Inhibitory organic molecules are chosen based on their potential ability to adsorb on the MS
surface in an acidic environment. The adsorption type isotherms are typically applied to obtain
information regarding the type of adsorption of organic inhibitor molecules on a mild steel surface
during corrosive process conditions. Testing has been performed on several different adsorption
isotherms such as Langmuir, Temkin and Frumkin. The Langmuir model proved to be the best
description (Figure 7a). Its standard equation is given as follows:
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= Cin (10)

In which Cinn signifies the inhibitor concentration, Kags means a constant of adsorption equilibrium
while 6 denotes the area coverage.

0.006][ @ 303K _HYD4 (@)
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Figure 7. (a) Langmuir adsorption isotherm models and (b) the variation of standard Gibbs free energy
of HYD-3 with temperature for the adsorption of inhibitor on MS in 1.0 M HCI.

The value of Kags, which is obtained from the intercepts in Figure 1, is related to standard free
adsorption energies (AG,qs) as follow [55]:
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1 -AG
K — ex ads l l
ads 55 5 p ( RT j ( )

In the above equation, 55.5 is the water molar concentration measured in mol L, where T
indicates the temperature of the aqueous solution, and R is known as the universal gas constant. The
adsorption parameters AH. 4 and AS.4 on the MS surface is computed according to the next
relationship [56]:

AG. =AH , —TAS, (12)

Standard free Gibb adsorption energy is shown in Table 9 with significant negative values, and
high values as an indication of the marked interaction of the two studied compounds with the MS
surface and the spontaneity of the adsorption process. Here, the free energy of adsorption could
provide useful information on the mode of adsorption involved in the interaction of hydrazone
derivatives with the mild steel surface. The AG, 4 values listed in the Table show that the adsorption is
of a mixed type. The values of AG,4,0f HYD-3 have been determined at various temperatures; the
results are presented in Figure 7b. The negative values AH, 4, and AS, 4, pretend that the inhibitor's
adsorption on metal is perceived as an exothermic reaction that is confirmed by a reduction in entropy.

3.5. SEM-EDX analysis

In this work, more research analysis is required, on the one hand, to provides more insight into
the corrosion inhibitor effect on the metal surface, and on the other hand to support the electrochemical
findings. For this purpose, scanning electron microscopy analysis was used to investigate the
morphological surface of mild steel samples after being immersed in HCI solutions without and with
the addition of inhibitor for 24 h of immersion at 303K. The surface morphologies of processed mild
steel surfaces for the non-inhibited solution, and the one inhibited contains 5x10° M of HYD-3
inhibitor are displayed in Figure 8 (a-b). As Figure 9 shows, there is a significant difference between
the two SEM images. From Figure 9a, it clear that the surface of mild steel is heavily impacted owing
to accelerated corrosion attack in aggressive solutions, meaning that the surface of the specimen is
significantly deteriorated and corroded. On the other hand, corrosion is reduced in the presence of
HYD-3 at the optimum concentration as shown in Figure 9b, indicating that the mild steel surface is
greatly protected, which could be due to the adsorption of molecules and the formation of a protective
layer at the MS/ solution interface.

Furthermore, with the aid of EDX analysis, the elemental composition of the mild steel samples
before and after the addition of HYD-3 was identified to provide comprehensive visual insights
regarding this inhibitor's effect on the morphology of MS surface in term of the corrosion product
present on the MS surface. The EDX spectrum with no inhibitor (Figure 8c) displays the peaks
intensity of Fe, Cl, and O elements. However, compared with those of inhibited solution, the chlorine
and oxygen peaks decrease, as shown in the EDX spectrum (Figure 8d). Moreover, another new peak
appeared at this spectrum related to the nitrogen. The decrease of O and Cl peaks intensity and
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appearance of N in the inhibited system confirms the presence of HYD-3 inhibitor on the MS surface,
and it can be adsorbed onto the steel and then formed a protective layer of HYD-3 to prevent the attack
of chlorine ions. Finally, referring to the molecular structure of HYD-3, it can be inferred that the
improvement in the surface morphology is due to the synergetic effect of aromatic rings and hydrazone
group and, in particular, thanks to the presence of the two methoxy groups, which facilitate the
adsorption of HYD-3 into the MS surface and therefore good inhibition action. These confirm results
obtained from electrochemical analyses.

>
3 T R R A -

SED 20.0kVWD10mmP.C.54 HV  x500 SED 20.0kV WD10mmP.C.51 HV  x
CRS_FSA_UIZ CRS_FSA UIZ

002 20 004

in

fe

co
‘ k.
1]

Figure 8. SEM and EDX images of MS samples after 24 hrs in blank (a, c) and inhibited solutions
(5x10°2 M of HYD-3) (b, d).
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3.6. Comparison with other hydrazone derivatives

Based on the literature, one can find several papers on corrosion inhibition of metals and alloys
using hydrazone derivatives. This family of inhibitors has demonstrated their ability to inhibit metal
corrosion. Thus, the design of compounds synthesized by hydrazone family attracts sustained scientific
attention. The inhibition efficiency of some common representatives of the similar inhibitors is
summarized in Table 10.
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Table 10. Comparison of the inhibition efficiency of HYD-3 and HYD-4 compounds with the
literature data based on other hydrazone derivatives as corrosion inhibitors for steel in acidic

medium.

Inhibition efficiency

Inhibitor/ Concentration Metal/ Medium (%) Reference

2-ABNH /6 mM Mild steel/1 M HCI 95 [57]
E-NBPTH /103 M XC48 C-steel /0.5M H2S04 87 [58]
HZD'/5x1073 M Mild steel/1 M HCI 97 [59]
HZD?/5x1073 M Mild steel/1 M HCI 94 [59]
HZD3/5x1073 M Mild steel/1 M HCI 92 [59]
HzZD*/5x1073 M Mild steel/1 M HCI 86 [59]

PTABH/400 mg Lt Mild steel/0.5M H2SOs 96 [60]
BZD-3 /5x103 M MS/1 M HCI 93 Present work
BZD-4 /5x103 M Mild steel/ 1 M HCI 91 Present work

4. CONCLUSION

In summary, two hydrazone derivatives,
2-yl)propanehydrazide

methoxynaphthalen

namely,
(HYD-3)

(E)-N'-(4-methoxybenzylidene)-2-(6-
N'-cyclohexylidene-2-(6-

methoxynaphthalen-2-yl)propanehydrazide (HYD-4) have been synthesized and proposed as
environment-friendly and effective inhibitors of mild steel in 1.0 M HCI solution. Overall, using

different chemical and electrochemical methods, the following conclusions can be drawn:

> Studied HYDs acted as good corrosion inhibitors in acidic medium, and their inhibition activity
is increased with the increase of inhibitors concentrations, with HYD-3 presents better

inhibition efficiency.

> PDP and EIS results indicated that HYDs acted as mixed-type inhibitors and lead to increase

polarization resistance even at a low concentration.

» HYDs derivatives can adsorb on the MS surface through physicochemical adsorption which
follows the Langmuir isotherm model.
» SEM micrographs, coupled with EDX analysis, confirmed the adsorption of tested hydrazones
into MS surface by inducing the formation of a protective layer that hinders anodic and

cathodic reactions to protect MS during the corrosion process.
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Together these results provide important insights into the important role of hydrazones derivatives to
inhibit the mild steel corrosion. It can be noted that these important findings are more encouraging to
pays attention to these types of inhibitors to understand the vital link between inhibition efficiency for
studied molecules and their molecular structure properties. For this reason, to obtain further in-depth
information about this relationship, theoretical studies based DFT and molecular dynamic simulations
are going to be detailed in a forthcoming article to support and extend the understanding of the
experimental results.
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