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a b s t r a c t

Three different simple and polymeric hydrazide derivatives have been synthesized, eval-

uated and investigated as corrosion inhibitors for mild steel in 1 M hydrochloric acid

medium. The corrosion inhibition performance of these additives was evaluated using

electrochemical impedance spectroscopy (EIS) and polarizations measurements. The in-

hibition efficiency obtained from polarization measurement followed the order of

PACAH > ACAH > CAH. The inhibition efficiency of the polyhydrazide derivative (PACAH) at

concentration of 50 and 500 ppm was found to be 90.66 and 96.79% respectively, while

500 ppm of cyanoacetohydrazide (CAH) was 39.79% and for the monomer N-acryloyl-N0-

cyanoacetohydrazide (ACAH) was 88.66%.

The surface morphology of the steel electrode was studied with and without the in-

hibitor after immersion in 1 M HCl solution for 6 h using SEM, EDAX and AFM measure-

ments. The results showed an improvement in the surface morphology where the flawed

regions were repaired and the cracks were healed. This improvement was attributed to the

adsorption of the inhibitor molecules and the formation of a protective layer at the steel

surface. The adsorption isotherm indicated a spontaneous physical adsorption of the in-

hibitor on the surface of mild steel electrode. Quantum chemical calculation was used to

correlate the inhibition efficiencies data of the hydrazide derivatives with their electronic

structural parameters. Theoretical calculations supported and elucidated the experimental

results.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Mild steel is one of the widely used constructional materials

and its corrosion behavior has been the concern of many re-

searchers especially in acidic solutions. The aggressive effect

of the acidic environment resulted in the dissolution of mild

steel and this process could be retarded by the addition of

suitable corrosion inhibitor. Because of their versatile char-

acters the corrosion behavior of mild steel alloys have been

studied in acidic corrosive media. Mineral acids, sulfuric acid

and hydrochloric acid are commonly used in these evalua-

tions [1e4].

To provide required control against corrosion a small

amounts of corrosion inhibitors were added to the corrosive

medium. Most of these inhibitors are organic in nature i.e.

compounds contains oxygen, nitrogen and sulphur. These

compounds adsorbed on the metal surface through these

atoms [2,4].

Different heterocyclic compounds were synthesized by

Khadom et al. [5] these compounds were then tested as

corrosion inhibitors for mild steel in 0.5 M HCl and their in-

hibition efficiency exceeded 95%. Thiazole hydrochloride de-

rivative was tested a as corrosion inhibitor of steel in acidic

solution. Gravimetrical, electrochemical, surface morphology

and theoretical simulation were measured to investigate the

corrosion behavior. It was found that a spontaneous protec-

tive layer was formed and chemically adsorbed on the surface

of steel results in an inhibition efficiency of 95% [6]. Also, the

corrosion behavior of low carbon steel was examined using 1-

[(5-Phenyl-1,3, 4-oxadiazol-2-yl)thio] acetone (POTA) [7] and

some triazole derivatives [8]. The inhibition efficiency of these

compounds was found to be more than 70 and 96% respec-

tively, theoretical quantum chemical calculations was used to

confirm the experimental results.

Nitrogen and sulphur containing organic compounds such

as pyrazoline derivatives, benzimidazole, benzenesulfona-

mide and Schiff bases were also investigated. The inhibition

occurs through adsorption of the inhibitor molecules on the

metal surface [9e15].

One of the widely used organic compounds are hydrazide

derivatives [16] which have been employed as potential in-

hibitors for controlling the corrosion process ofmild steel. The

influence of some organic acid hydrazides, such as the hy-

drazides of salicylic acid, anthranilic acid, benzoic acid and

cinnamic acid on the corrosion behavior of mild steel in 1 N

HCl was studied. The potentiodynamic polarization mea-

surements indicated that all these hydrazides are mixed in-

hibitors except that's of salicylic acid [17]. Also, N-Phenyl

oxalic dihydrazide and oxalic N-phenylhydrazide N0-phenyl-
thiosemicarbazide were also used as inhibitors. The results

reveals the higher performance of oxalic N-phenylhydrazide

N0-phenylthiosemicarbazide on the corrosion behavior of

mild steel in 1 M HCl solution [18].

The corrosion inhibition studies of coumarin derivatives

on the corrosion behavior for mild steel in acidic medium

were introduced by Zinad et al. [19] It was concluded that the

tested coumarin derivative is an excellent corrosion inhibitor

with high inhibition efficiency. The mechanism of adsorption

was found to be a physical adsorption mechanism.
Theoretical studies have shown that the entities in coumarin

molecules were bonded to the metal surface through the ni-

trogen, sulfur and oxygen atoms.

In the view of environmental protection, the application of

green effective inhibitors for metal corrosion is of great in-

terest [20]. An example of the eco-friendly compounds is

thiourea functionalized glucosamine derivatives namely 5-

hydroxy-1-phenyl-4-(1,2,3,4-tetrahydroxybutyl)imidazoli-

dine-2-thione (GA-1) and 1-phenyl-3-(2,4,5-trihydroxy-6-

(hydroxymethyl)tetrahydro-2H-pyran-3-yl)thiourea (GA-2).

The electrochemical tests and surface analyses indicate that

both GA-1 and GA-2 have high inhibition performance and it

was found to be 97.7% for GA-2 [21]. Also, Losartan potassium

film for corrosion inhibition of mild steel in HCl medium [22].

The inhibition performance values increased to 88.9%, 91.8%,

and 92.0% for 5 mM LP at 298, 308, and 318 K, respectively.

The corrosion inhibition effect of expired ampicillin and

flucloxacillin drugs for mild steel in aqueous acidic medium

was evaluated. The observed high inhibition efficiencies of the

studied expired drugs may be due to the formation of pro-

tective layers on the steel surface as a result of the powerful

adsorption of the drug species [23].

A hydrazide derivative namely 2-(2-hydrazinyl-1,6-

dihydro-6-oxopyrimidin-4-yl) acetohydrazide was synthe-

sized by Abdallah et al., this compound has been tested as a

corrosion inhibitor for mild steel in both 1 M HCl and 0.5 M

H2SO4 solutions, the inhibition efficiency in HCl was found to

be higher than that in H2SO4 solution [24]. Arrouji and his co-

workers synthesized pyrazole cyanohydrazides and the

corrosion inhibition efficiency of these derivatives has been

examined on steel in 1 M HCl, it was found that the efficiency

of these inhibitors was increased with the increasing of the

concentration of inhibitors and decrease upon rising tem-

perature [25]. Recently, Chaouiki et al. studied the inhibition

efficiency of two synthesized hydrazone derivatives on mild

steel (MS) in 1.0 M HCl [26]. The inhibition performance was

investigated using weight loss measurements, electro-

chemical techniques, and scanning electronmicroscope (SEM)

coupled with energy-dispersive X-ray spectroscopy (EDAX).

The used inhibitors presented maximum inhibition effi-

ciencies of 96% and 84%. It was found that the used inhibitors

affected both anodic and cathodic reactions (mixed inhibitors)

and their adsorption was found to be a combination of

chemisorption and physisorption, obeyed the Langmuir

isotherm model. The inhibition effect of thiosemicarbazide of

phenyl hydrazide of fatty acids on mild steel in acid solution

was also investigated [27].

The influence of 2-(3, 4, 5-trimethoxybenzylidene)

hydrazinecarbothioamide (TMBHC) as inhibitor was tested

using Tafel polarization and electrochemical impedance

spectroscopy (EIS). The results showed that the inhibition

efficiency increased with increasing of both inhibitor con-

centration and temperature [28]. Hydrazone derivatives have

been used as green inhibitors for mild steel in 1 M HCl. These

compounds exhibited a high inhibition performance and it is

increases with increasing their concentrations [26]. Novel

pyridinium [29] and Imidazolium-derived polymeric ionic

liquid [30] were also used as corrosion inhibitors for mild

steel in 1 M HCl. The inhibition efficiency was of 88.8% for

IPyr-C2H5 and 92.3% for IPyr-C4H9, and it was found to be

https://doi.org/10.1016/j.jmrt.2021.12.035
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exceeded 96% in case of using of the Imidazolium-derived

polymeric ionic liquid (PIL).

In this article, a new organic inhibitors either simple

compounds or polymeric additive belong to hydrazide family

were synthesized. Then these compounds were tested as

corrosion inhibitors for mild steel in 1 M HCl solution. The

corrosion inhibition performance of these compounds was

evaluated using electrochemical impedance spectroscopy

(EIS) and polarizations measurements.
2. Experimental

2.1. Materials and methods

N-cyanoacetohydrazide (CAH), acryloyl chloride and dimethyl

formamide (DMF) were obtained from SigmaeAldrich, Ger-

many. Methanol, potassium persulphate, sodium bisulphite

and hydrochloric acid from El-Gomhouria Company for

trading drugs, chemicals and medical supplies, Egypt (used as

received). Deionized water (DIW) was used for preparation of

solutions.

2.2. Preparation of the hydrazide derivatives

The first compound N-cyanoacetohydrazide (CAH) was used

as the starting material to prepare the monomer, N-acryloyl-

N0-cyanoacetohydrazide (ACAH) according to the method

stated in literature [31]. Later on 1 mol/L of ACAH in DIW was

then polymerized using redox initiators (potassium persul-

phate and sodium bisulphite) of concentration equal to

5 � 10�2 mol/L at 55e60 �C in water-bath for 3 h. The precip-

itated polymer, poly (N-acryloyl-N0-cyanoacetohydrazide)
(PACAH) was then filtered off, washed with DIW and dried.

The intrinsic viscosity of PACAH was found to be 4.7 g/cm3

using DMF [31,32].

2.3. Electrochemical measurements

The composition of themild steel electrode was mentioned in

Table 1. The electrode was prepared in the form of cylindrical
Table 1 e The chemical composition (weight%) of the mild stee

Element C Si Mn S P

Analysis 0.34 0.26 0.93 0.02 0.0

Fig. 1 e Chemical structure of the
rod and mounted into glass tubes of appropriate diameter by

epoxy resin leaving a free surface area of 0.4 cm2 to contact the

solution. The steel electrode was polished mechanically

before eachmeasurement using consecutive emery papers up

to 200 grit then rubbed by smooth polishing cloth. Later it was

washed carefully with deionized water and rapidly trans-

ferred to the electrolytic cell. An electrochemical cell used for

electrochemical measurements was a double jacket multi-

necks 250 ml flask. It is a three electrode all glass cell with a

platinum counter electrode and saturated Calomel electrode

(SCE) as a reference electrode [33,34]. All measurements were

carried out in stagnant, naturally aerated 1 M HCl aqueous

solution free or containing different concentrations of CAH,

ACAH or PACAH (see Fig. 1). The potentiodynamic polarization

and impedance measurements were performed using an

electrochemical workstation (Voltalab 10 PGZ “All-in-one”

potentiostat/Galvanostat). The potentials were measured

against and referred to the saturated calomel reference elec-

trode (E◦ ¼ 0.245 V the standard hydrogen electrode (SHE)).

The electrode potential was left in the electrolyte to achieve

the steady state until the potential change did not exceed

0.1 mV min�1. This potential was taken as the steady state

potential, Ess. The potentiodynamic experiments were con-

ducted at a scan rate of 10 mV s�1. The values of the corrosion

potential, Ecorr, and corrosion current density, icorr, were

extrapolated from the potentiodynamic polarization curves.

For all EIS measurements, excitation amplitude of 10 mV

peak-to-peak in the frequency range from 50 mHz to 100 kHz

was used. The corrosion inhibition efficiency, and the degree

of adsorption, was calculated from the values of the corrosion

current densities (polarizationmeasurements) and the charge

transfer resistances (impedance measurements). Different

adsorption isotherms were tested and the adsorption free

energy for the fitted data was calculated. The experimental

results were reproduced and each experiment was carried out

at least twice where a good reproducibility was attained.

2.4. Characterization of the morphology of steel surface

i. Scanning electron microscope SEM (ZEISS Sigma 500 VP)

coupled with X-Ray Diffraction EDAX technique at energy
l electrode.

Cu Cr Ni Al Fe

4 0.01 0.01 0.02 0.01 balance

used hydrazide derivatives.

https://doi.org/10.1016/j.jmrt.2021.12.035
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of 5.00 keV was used to study the morphology and char-

acterize the microstructures of the polished, corroded and

inhibited surfaces of the steel samples in HClmediumwith

and without inhibitor. X-ray diffraction patterns were

collected using Cu-Ka monochromatic radiation at room

temperature on a Bruker D8 ADVANCE diffractometer.

ii. Atomic Force Microscopy AFM and optical measurements

Atomic Force Microscopy (AFM) model (Nano-surf. Flex

AFM version 5, for C3000 Control software version 3.6) was

used to evaluate the topographical parameters of steel surface

such as themorphology and roughness after immersion in 1M

HCl with and without the inhibitor.

2.5. Computational details

The ground states of CAH, ACAH and PACAH were optimized

at the B3LYP/6-31G (d) level of theory as implemented in

Gaussian software [35]. All optimized geometries were true

minima were (Absence of imaginary frequencies). To deter-

mine the molecular and electronic properties that may have

influence the corrosion inhibition of the synthesized mono-

mer and its derivative a set of properties were calculated

including the ionization potential (IP), electronic affinity (EA),

gap energy between the HOMO and LUMO (DE), electronega-

tivity (c), chemical hardness (h), softness (S ¼ 1/h), electro-

philicity (u) and dipole moment (m)using the following

formulae:

IP¼ � EHOMO (1)

EA¼ � ELUMO (2)

c¼ IPþ EA
2

(3)

h¼ðIP� EAÞ
2

(4)
Fig. 2 e Variation of the open circuit potential of mild steel

electrode with time in stagnant naturally aerated 1 M HCl

solution containing 500 ppm of CAH, ACAH and PACAH at

25 �C.
S¼1
h

(5)

u¼ m2

2h
(6)

m¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m02

x þ m02
y þ m02

z

q
(7)

Further, the fraction of the transferred electrons (DN) be-

tween the inhibitor and interface of metal/solution was

calculated through the Pearson theory [36] as in Equation (8):

DN¼ cFe � cinh

2ðhFe þ hinhÞ
(8)

where c represents the electronegativity, Fe is the iron atom, h

is the hardness and inh is for the inhibitor. In addition, the

corrosion inhibition of these compounds may related to the

nucleophilic and electrophilic sites that may bind to the

interface of metal/solution. Thus, the electrostatic potential

(ESP) and frontier molecular orbital (FMO) of CAH, ACAH and

PACAH were determined at the same level of theory. In ESP

maps, the red color indicates the negative region, which cor-

responds to hydrogen bond acceptors; while the blue color is

an indication of the positive region, which corresponds to

hydrogen bond donors. The solvation effects were taken into

account implicitly by using the polarizable continuum model

(PCM). In this model, the inhibitor is embedded into a cavity

surrounded by solvent described by its dielectric constant ε

(e.g., for water ε ¼ 78.3553) [37]. The ESPs and frontier molec-

ular orbitals HOMO and LUMO were visualized using Gaussian

View 6.

3. Results and discussion

3.1. OCP measurements

The OCP measurements of the mild steel electrode against

SCE were recorded and tested for 60 min in stagnant naturally
Fig. 3 e Variation of the open circuit potential of mild steel

electrode with time in stagnant naturally aerated 1 M HCl

aqueous solution containing different concentrations of

PACAH at 25 �C.

https://doi.org/10.1016/j.jmrt.2021.12.035
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Fig. 4 e Potentiodynamic polarization curves for mild steel

electrode after 60 min of electrode immersion in stagnant

naturally aerated 1 M HCl solution containing 500 ppm of

CAH, ACAH and PACAH at 25 �C.

Fig. 5 e Potentiodynamic polarization curves for mild steel

electrode after 60 min of electrode immersion in stagnant

naturally aerated 1 M HCl solution containing different

concentration of PACAH at 25 �C.
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aerated solution of 1 M HCl (blank) and in the presence of

500 ppm of CAH, ACAH and the polymer PACAH at 25 �C using

a high impedance auto-ranging multimeter (Keithley Model

130 A Germany) to record the individual test potentials. The

Ess values were shifted to more positive potentials than that

of the blank. This shift was related to the inhibition effect of

the prepared materials. The value of Ess was always more

positive than the immersion value (Eoc at t ¼ 0), suggesting

that a protective film may formed on the electrode surface.

This result showed that the anodic rate reaction was

decreased more than the cathodic reaction. For all additives,

the OCP was found to reach a steady-state value within

30e40 min after electrode immersion in 1 M HCl solution, as

showed in Fig. 2.

The open-circuit potentials (OCP) of mild steel in different

concentrations of PACAH were traced over 60 min from the

electrode immersion in 1 M HCl solution. The results of these

measurements were presented in Fig. 3. Generally, the steady

state potential was reached within the first 30 min of the

electrode immersion in the test solution. The potential

became more positive with time indicating development of a

passive film on the electrode surface. The steady state po-

tential shifted either in the negative or the positive direction

in the presence of the polymer. The direction of potential shift

depends on the electrode composition and the type of the
Table 2 e Potentiodynamic polarization parameters for
mild steel electrode after 60 min of the electrode
immersion in stagnant naturally aerated 1 M HCl
aqueous solution containing 500 ppm of CAH, ACAH and
PACAH at 25 �C.

Ecorr/
mV

Icorr/
mA.cm�2

ba/
mV

bc/
mV

CR/
mm.Y�1

h

Blank �482.0 0.956 66.3 �77.3 11.09 e

CAH �467.1 0.495 58.3 �85.6 5.74 48.24

ACAH �456.1 0.085 49.0 �85.6 0.987 91.1

PACAH �483.4 0.033 52.1 �91.9 0.381 96.57
inhibitor. The potential shift may be attributed to the

adsorption of the inhibitor molecules on the active sites and/

or the deposition of corrosion products on the electrode

surface.

3.2. PDP measurements

The PDP measurements of mild steel electrode in stagnant

naturally aerated aqueous solution of 1 M HCl and 500 ppm of

the inhibitor at 25 �C were investigated. The PDP results were

recorded after the electrode had reached Ess. The data ob-

tained were presented in Fig. 4. All polarization curves for the

used inhibitors were qualitatively similar and generally

showed a decrease in the corrosion current density, icorr, in

the presence of CAH, ACAH and PACAH respectively. The

Tafel extrapolation method applied to analyze the polariza-

tion curves and calculated the corrosion parameters, i.e. Ecorr,

icorr, polarization resistance (Rp), ba, and bc, reported in Table

2. This table shows that, the polymerized hydrazide derivative

PACAH increases the corrosion resistance of the mild steel

electrode in the acidic solution if compared with the simple

derivatives CAH and the monomer ACAH. In particular,

PACAHpolymer increased the corrosion resistance;moreover,
Table 3 e Potentiodynamic polarization parameters for
mild steel electrode after 60 min of the electrode
immersion in stagnant naturally aerated 1 M HCl
aqueous solution containing different concentrations of
PACAH at 25 �C.

Ecorr/
mV

Icorr/
mA.cm�2

ba/
mV

bc/
mV

CR/
mm.Y�1

h

blank �482.0 0.956 66.3 �77.3 11.09 e

50 ppm �485.0 0.089 67.8 �87.0 1.04 90.66

100 ppm �481.8 0.086 56.4 �80.2 0.996 91.02

200 ppm �475.7 0.076 65.9 �93.4 0.884 92.03

400 ppm �459.7 0.058 51.0 �93.8 0.669 93.97

500 ppm �483.4 0.034 52.1 �91.9 0.381 96.57

https://doi.org/10.1016/j.jmrt.2021.12.035
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Fig. 6 e Adsorption isotherm of the adsorption of PACAH

polymer onmild steel surface in naturally aerated stagnant

aqueous solutions of 1M HCl containing different

concentration of PACAH at 25 �C.
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resulted in the lowest corrosion rate in acidic solution, as

shown in Table 2, this observation can be explained by

considering that the growth of a protective layer was

enhanced on the mild steel electrode in the presence of

PACAH polymer.

The effect of concentration of PACAH polymer on the sur-

face of mild steel was investigated. Different concentrations

ranging from 50 to 500 ppm have been used. Fig. 5 represented

potentiodynamic polarization curves of these measurements.

In general, the presence of different concentrations of PACAH

in naturally aerated of 1 M HCl aqueous solution decreased the

anodic and cathodic current density and had little effect on the

corrosion potential as shown in Fig. 5. The results showed that

PACAH retarded both the anodic and cathodic processes, i.e.

PACAH acted as mixed inhibitor, where it is adsorbed on the

electrode surface, blocking the active sites for the corrosion

process, thus decreasing the exposed free electrode area to the

corrosive medium [38].

The values of the corrosion parameters, corrosion current

density, icorr, corrosion potential, Ecorr, and corrosion ratewere

calculated at different concentrations of polymer and were
Table 4 e Electronic and molecular properties of CAH,
ACAH and PACAH calculated at in PCM model at the
B3LYP/6-31G (d) level of theory.

CAH ACAH PACAH

Ionization Potential (IP) 7.34 7.47 7.18

Electron Affinities (EA) �0.37 1.39 1.16

Gap 7.71 6.08 6.02

Х 3.48 4.43 4.17

Н 3.86 3.04 3.01

S 0.13 0.16 0.17

U 1.57 3.23 2.89

DN 0.46 0.42 0.47

DM 10.07 11.23 6.38

Corrosion inhibition 39.79 88.66 96.79
represented in Table 3. The results showed that there was

irregular displacement in the corrosion potential, Ecorr, values;

this behavior was previously observed in many others studies

[39]. In general, the corrosion current density decreased with

increasing polymer concentration.

The corrosion inhibition efficiency (h) was calculated for

the polymer inhibitor at different concentrations according to

Equation (3.1). The values of h in all cases were also included

in Table 3. The values of h showed that in most cases, the

increase in polymer inhibitor concentrationwas accompanied

by an increase in the corrosion inhibition efficiency. The in-

hibition efficiency of mild steel electrode reached its

maximum values of 96.57% at 500 ppm.

h¼ ½ði� inhÞ = i� � 100 (3.1)

3.3. Mechanism of corrosion and inhibition

In order to get a better understanding of the electrochemical

process on the metal surface, adsorption characteristic were

also studied for a corrosive media. This process was closely

related to the adsorption of the inhibitor molecules and

adsorption is known to depend on the chemical structure. The

mechanism of adsorption was determined from the adsorp-

tion isotherm results and confirmed also by the quantum

chemical calculations.

3.3.1. The adsorption isotherm
Adsorption isotherms are very important in determining the

mechanism of organic electrochemical reactions. The

adsorption of organic adsorbate on the surface of metal is

regarded as substitutional adsorption process between the

organic compounds in the aqueous phase (org)aq. and the

water molecules adsorbed on the metal surface (H2O)ads ac-

cording to the following process [40].

OrgðsolÞ þXH2OðadsÞ4OrgðadsÞ þ XH2OðsolÞ (3.2)

where x represented the number of water molecules replaced

by one molecule of organic adsorbate.

The adsorption of organic compounds can be described by

two main mechanisms. Physical (electrostatic) adsorption

required the presence of electrically charged metal surface

and charged species in the bulk of the solution. The second

was the chemisorption, which required charge sharing or

charge transfer from the inhibitor molecule to the metal sur-

face. In order to obtain more information about the nature of

interaction between PACAH molecules and the electrode

surface, different adsorption isotherms were investigated.

The degree of surface coverage (q) at different concentrations

of the polymer in 1 M HCl aqueous solution was calculated

from the corresponding electrochemical polarization mea-

surements according to the equation below: [41].

q¼ðicorr � icorrðinhÞÞ = icorr (3.3)

The obtained values of q were fitted to different isotherms

including Langmuir, Frumkin, and Temkin etc. The Langmuir

isotherm equation was verified for the PACAH polymer, which

is based on the assumption that all adsorption sites are

equivalent and that particle binding occurs independently

from nearby sites being occupied or not [42].

https://doi.org/10.1016/j.jmrt.2021.12.035
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Fig. 7 e Optimized geometries, ESPs and frontier molecular orbitals of CAH, ACAH and PACAH.
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KC¼ q=1� q (3.4)

where C is the concentration of the inhibitor, q, the fractional

surface coverage and K is the adsorption equilibrium constant

related to the free energy of adsorption, DGads, as [42,43]:

K¼1 =Csolventexpð � DGads =RTÞ (3.5)

where, Csolvent represents the concentration of the solvent,

which is water i.e. 55.5 mol dm�3, R is the universal gas con-

stant (8.314 J mol�1K�1) and T is the absolute temperature

[44,45]. The Langmuir adsorption isotherm can be rearranged

to obtain the following mathematical formulation:

C=q¼1=Kþ C (3.6)

So that a linear relationship can be obtained by plotting C/q

as a function of C, with a slope of unity. In Fig. 6 the proposed

relationwas plotted for the adsorption of PACAH onmild steel

electrode in naturally aerated aqueous 1M HCl solution. The

expected linear relationship was obtained and the free energy

of adsorption, DGads, was calculated. A value of - 40 kJ/molwas

usually adopted as a threshold value between chemisorption

and physisorption [46]. The calculated values for the adsorp-

tion of the polymer inhibitor on the electrode surface is

�5.057 kJ/mol which was less than �40 kJ/mol indicated a

physical adsorption without chemical interaction between

the polymer inhibitor molecules and the electrode surface.

The low and negative value of DGads indicated a spontaneous

adsorption of polymer inhibitor on the surface of mild steel
electrode [47,48]. The possiblemechanismof the adsorption of

the inhibitor on the surface of mild steel electrode will be

through the electron pair of N and O which blocked the mild

steel surface and reduced the corrosive attraction ofmild steel

in HCl media.
3.3.2. Computational results
The above measurements revealed that the corrosion inhibi-

tion of the synthesized hydrazide derivatives increased with

its length. CAH showed the lowest inhibition efficiency with

39.79% inhibition, the monomer ACAH showed lower inhibi-

tion than PACAH with inhibitions of 88.66% and 96.79%,

respectively. In order to understand the observed results a set

of molecular and electronic properties were calculated in

water (Table 4). The calculated properties of CAH, ACAH and

PACAH varied slightly from one to another. Hence, these

properties may not be used as a stronger indicator of the in-

crease of the inhibition. For all compounds, the calculated

number of the transferred electrons from the inhibitor to the

interface of metal/solution (DN) was positive values. This

suggested that these compounds may have tendency to give

the electrons to the interface ofmetal/solution. The optimized

geometries, ESP and frontier molecular orbitals of CAH, ACAH

and PACAH were represented in Fig. 7. From ESP charges and

HOMO delocalization, one may relates the increase of inhibi-

tion efficiency to the increase of atomic sites (red region)

donor of electrons and electronic delocalization in CAH, ACAH

and PACAH. Indeed, PACAH shows the higher corrosion

https://doi.org/10.1016/j.jmrt.2021.12.035
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Fig. 8 e Impedance plots of mild steel electrode after 60min

of electrode immersion in stagnant naturally aerated

aqueous solutions of 1 M HCl containing 500 ppm of CAH,

ACAH and PACAH at 25 �C, (A) Nyquist plots, (B) Bode plots.
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inhibition, which is in accordancewith the high number of red

region, i.e., atomic site or functional groups donator of elec-

trons. The data obtained from theoretical quantum chemical

calculations provided good evidence to the experimental re-

sults obtained by EIS and polarization measurements.

3.4. Electrochemical impedance measurements

The results of the potentiodynamic polarization experiments

were confirmed by EIS, which is a powerful technique in

studying corrosion mechanisms and adsorption phenomena

at the electrode/electrolyte interface. This study included the

effect of CAH, ACAH and PACAH and the effect of different
Fig. 9 e Equivalent circuit model for the analysis of the EIS

data.
concentrations of PACAH on the corrosion behavior of mild

steel electrode in 1M HCl solution.

The Nyquist and Bode plots of mild steel electrode in 1M

HCl and 500 ppm of CAH, ACAH and PACAH inhibitors were

given in Fig. 8 A and B. It was observed that the electrode

impedance increased remarkably in the presence of these

inhibitors, indicating that the electrode surface became less

active [49]. Also the phase maximum at the intermediate

frequencies broadens, which suggests the presence of a pro-

tective layer (cf. Fig. 8B). The Nyquist spectrum (Fig. 8A) dis-

played an increased diameter of the semicircle, which

reflected an increase in the Rct.

An accurate analysis of impedance EIS data were fitted

using a simple classical equivalent circuit model (see Fig. 9).

The circuit consisting of a parallel combination between the

electrode capacitance, Cdl, and the corrosion resistance, Rct,

in series with a resistor, RU, representing the Ohmic drop in

the electrolyte.

The calculated equivalent circuit parameters for mild steel

after 60 min immersion in naturally aerated 1M HCl aqueous

solution were displayed in Table 5. The results of these ex-

periments showed that the charge transfer resistance, Rct,

increased in the presence of CAH, ACAH and PACAH in-

hibitors. PACAH inhibitor recorded the higher Rct value for

mild steel electrode.

The influence of the promising PACAH inhibitor concen-

trations on the corrosion process of mild steel electrode in 1M

HCl aqueous solution was investigated using the electro-

chemical impedance spectroscopy. The Nyquist and Bode

plotswere presented in Fig. 10 (A and B). Bode plot showed one

phase maximum at the intermediate frequency, the broad-

ening of phase maximum increased in the presence for all

concentrations, this means the presence of a progressive

protective layer on the electrode surface.

Nyquist plot (Fig. 10A) showed an increase in the diameter

of the impedance by increasing the polymer concentration,

which depicted an increase in the inhibition resistance.

The impedance data were fitted to the simple equivalent

circuit (c.f. 9) and the calculated data presented in Table 6. The

inhibition efficiencywas calculated according to the equation:

h¼ ��ðRctÞinh �Rct

� � ðRctÞinh
�� 100 (3.7)

The table highlighted an inverse relationship between Rct

and the corrosion rate, implying that the increasing of PACAH

inhibitor decreased the corrosion rate (increased the polari-

zation resistance); in particular, the highest value of Rct were

obtained for 500 ppm. In addition, an Rct increase was

accompanied by a decrease in Cdl only, confirming that the

investigated polymer can form a stable protective film onmild

steel electrode. This result is in good agreement with the re-

sults of the potentiodynamic experiments.

3.5. Surface morphology

3.5.1. SEM and EDAX measurements
In order to identify the distribution and nature of microstruc-

tures that influence corrosion and inhibition behavior, a

microstructural study was conducted on the different speci-

mens.Theprofile imagesofvirginsteel surfacebeforeandafter

contacting the solution was investigated by performing SEM

https://doi.org/10.1016/j.jmrt.2021.12.035
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Table 5 e Equivalent circuit parameters for mild steel
electrode after 60min of the electrode immersion in
stagnant naturally aerated 1M HCl solution containing
500 ppm of CAH, ACAH and PACAH at 25 �C.

RU/U.cm
2 Rct/U.cm2 Cdl/mF.cm�2 a h/%

blank 2.21 5.81 346.0 0.994 e

CAH 1.73 9.65 260.5 0.993 39.79

ACAH 1.99 51.24 124.2 1 88.66

PACAH 3.28 181.2 138.7 0.996 96.79
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and EDAX measurements after 60min immersion of the sam-

ples in 1M HCl aqueous solution at 25 �C in absence and in the

presence of PACAH inhibitor. The SEM images represented in

Fig. 11A showed the smooth surface of mechanically polished

mild steel. The micrographs obtained for the mild steel after

60min immersion in 1M HCl aqueous solutions containing

500 ppm of PACAH inhibitor show an improvement in the

surface morphology where the flawed regions were repaired

and the cracks were healed as shown in Fig. 11C if compared

with the uninhibited steel sample (Fig. 11 B).
Fig. 10 e Impedance plots of mild steel electrode after

60min of electrode immersion in stagnant naturally

aerated aqueous solutions of 1M HCl containing different

concentrations of PACAH at 25 �C, (A) Nyquist plots,

(B) Bode plots.
The results showed that in acidic solution without in-

hibitor, the surface was highly corroded and contained in-

ternal corrosion damage. However, in the presence of

PACAH inhibitor there was an organic protective layer of

PACAH developed on the electrode surface (Fig. 11C), which

allowed a high degree of inhibition resistance, i.e. the sur-

face morphology was highly protected due to the adsorption

of PACAH and the corrosion of steel was significantly

reduced.

Furthermore, EDAX analysis was performed to identify the

elemental composition of the samples with and without the

addition of inhibitor, after 1h immersion of the sample in 1M

HCl aqueous solution at 25 �C the uninhibited solution con-

tains a large percentage of O and Cl atoms, the oxygen content

increased, which reflected the highest oxygen content (and

therefore, the highest surface roughness and corrosion

pitting) on the surface of the iron matrix. Whereas in the so-

lution containing PACAH inhibitor, it was observed that the

peaks corresponding to Cl and O were significantly reduced

with the development of a new peak of N, which confirmed

the adsorption of PACAH on the steel surface forming a pro-

tective layer, and this confirmed the increased efficiency of

protection in presence of PACAH.

3.5.2. Atomic force microscopy (AFM) analysis
The surface profiles of untreated mild steel before and after

immersion for 6h in 1M HCl solution with and without the

inhibitor were represented in Fig. 12.

After immersion in an uninhibited aqueous HCl solution,

the steel showed a rough texture surface indicating corro-

sion process as a result of the dissolution of the metal. The

maximum roughness of the surface after immersion was

~183 nm (Fig. 12A). The topography and corresponding

profile change of the steel surface immersed in the aqueous

acidic solution containing 500 ppm of PACAH was repre-

sented in Fig. 12B. After immersion in the inhibited solu-

tion, the roughness of the surface was highly reduced

indicating minimal metal dissolution due to protection of

the surface by the inhibitor. The maximum roughness of

the surface indicated by the profilometry after immersion

was ~42 nm.

The figure of the surface topography showed that the

corroded unprotected surface was quite different when

compared with the protected one. The difference can be

ascribed to polymeric additive PACAH in the test solution

spontaneously adsorbed and formed a protective film layer at

the steel surface.
Table 6 e Equivalent circuit parameters for mild steel
electrode after 60 min of the electrode immersion in
stagnant naturally aerated 1M HCl solution containing
different concentrations of PACAH at 25 �C.

RU(U.cm
2) Rct (U.cm

2) Cdl (mF/cm2) a h

Blank 2.21 5.81 346.0 0.994 e

50 ppm 2.36 71.01 112.0 0.996 91.8

100 ppm 1.81 79.19 127.0 0.997 92.7

200 ppm 3.39 97.15 103.5 0.996 94.0

400 ppm 2.73 103.3 97.30 0.997 94.4

500 ppm 3.28 181.2 138.7 0.996 96.7
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Fig. 11 e SEM and EDAX measurements of (A) the surface of a polished untreated mild steel electrode before contacting the

solution and after immersion in (B) 1M HCl and (C) 1M HCl in the presence of 500 ppm of PACAH.

Fig. 12 e AFM topography of steel immersed for 6h in (A) uninhibited 1M HCl solution, and in (B) 1M HCL solution containing

500 ppm of PACAH.
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4. Conclusion

Hydrazide derivatives were prepared using an organic syn-

thesis route and then were used as a corrosion inhibitor for

mild steel corrosion in 1M HCl solution. The organic synthesis

method involved a facial synthesis of novel simple and poly-

meric hydrazide derivatives. The results of corrosion behavior

of mild steel indicated that the hydrazide derivatives were

found to be a potential acid corrosion inhibitors of mild steel

in 1M hydrochloric acid media. The inhibition efficiency ob-

tained from polarization measurement followed the order of

PACAH > ACAH > CAH. The inhibition efficiency of lower

concentrations of PACAH (50 ppm) was found to be 90.66%

which is higher than that is for 500 ppm of CAH (39.79%) and

the monomer ACAH (88.66%).

In other words, all of the three hydrazide derivatives

inhibited corrosion by adsorption mechanism and the hy-

drazide polymer PACAH exhibited the better inhibition effi-

ciency evenwhen it was used at lower concentrations if it was

compared with CAH and the monomer ACAH.

The SEM, EDX and FTIR analysis of inhibited mild steel

specimen surface confirmed the formation of a protective film

of the inhibitor molecules on steel surface. The results proved

that the surface of the steel electrode was highly protected

where the flawed regions were repaired and the cracks were

healed.

The adsorption isotherm measurements indicated a

spontaneous physical adsorption of the inhibitor on the sur-

face of mild steel electrode. A good agreement was obtained

between the calculated theoretical parameters and the

experimental data, which determined the inhibition effi-

ciencies for corrosion process of the hydrazide additives.

The hydrazide polymer PACAH has shown inhibition effi-

ciency greater than 90%, which may be suitable for the in-

dustrial applications.
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