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Abstract

This article describes the synthesis of 4, 6-dihydroxyisophthalohydrazide (DIH) and its characterization
using 'H-NMR spectroscopy and evaluate its inhibiting performance against the aggressive attack of HCI
on low carbon steel (CS). Chemistry and electrochemistry tools were used to investigate the inhibitor’s
effectiveness. In line with the Langmuir adsorption model, the results showed that the DIH compound
greatly reduces the disintegration rate of CS by the adsorption process. Tafel data and EIS results showed
that, the compound has a mixed-type characteristic. Raising the DIH concentration from 50 to 300 ppm
reduces the charge transfer (R.;) of CS from 48.6 to 351.3 ohm cm? and decreasing the adsorbed double
layer’s capacitance from 108 x 1078 to 13 x107® F cm™2, respectively. A dosage of 300 ppm is optimal
for 86.2 % inhibition effectiveness. Calculations using Monte Carlo (MC) simulations showed that the
synthesized compound adhered to the CS quite well. The SEM/AFM results confirmed the existence of a
protective film on the CS specimen. The in-vitro data that appeared from the killing test by using Postgate
B media against SRB bacteria revealed the ability of DIH compound to reduce the perforation of bacteria
from108cells/ml to nil at dosage of 300 ppm. The molecular docking simulation confirmed the obtained
results.

Keywords: Resorcinol derivative, Pitting Corrosion, Microbial Corrosion, Carbon steel, Molecular

1. Introduction

Corrosion inhibitors are required for various in-
dustrial operations to regulate the pace at which
metallic structures corrode [1-3]. In addition, the
inhibitors are extremely useful for industrial acidic
applications involving carbon steel surfaces, like
acid cleaning, pickling, etching, surface cleaning,
and oxide layer removal [4-6]. Typically, effective
organic inhibitors have O, S, or N atoms and func-
tion groups with electronegativity and electrons in
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triple and conjugated double bonds, in their struc-
ture [7]. These compounds had a unique chemical
composition that contained the elements carbon,
hydrogen, oxygen, and nitrogen. In addition, have
an inhibition effect on metal corrosion [8].

Corrosion of steel has been established by
many studies [9-13]. Mixed inhibitor of CTAB
(cetyltrimethylammonium) and (SDS) sodium do-
decyl sulfate bromide was utilized in 3.5% NaCl
solution as a corrosion inhibitor1 [9]. The inhibitor
declines both the rate of cathodic and anodic reac-
tions. Also, another study used sodium gluconate
and CTAB in 3.0% NaCl solution on galvanized
steel, this resulting in a reduction in the cathodic
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reaction [10, 11]. Farahmand et al. [9] established
the impact of coating with Mo and SDS inhibitor
on mild steel in 3.5% NaCl solution. The good
efficacy was noticed at SDS of 0.8 mM and Mo
of 75 mm thickness. Nam et al. [13] studied the
corrosion mitigation of cerium hydroxycinnamate
compounds on mild steel in 0.6 M NaCl solution.
Less corrosion attack occurs on the surface of the
mild steel exposed to the inhibitor in contrast to
the surface where the inhibitor is absent. This is
as a result of a protective film caused by the ac-
tion of the cerium hydroxycinnamate compounds.
The result referred that cerium hydroxycinnamate
compounds decreases the rate of corrosion in 0.6
M NaCl solution, and also minimize protective and
magnitude of the CPE double layer, promote the
charge and protective resistances. Other studies
have also reported the use of various method of
protection of mild steel in NaCl solutions [14-20].

The postulated inhibitory mechanism might be
a combination of the van der Waals electrostatic in-
teraction between the charged inhibitor molecules
and charged metal, vacant d-orbitals of iron and
the inhibitor molecules through n-electrons, or a
combination of these processes [21]. The major-
ity of organic inhibitors used are poisonous, costly,
and unfriendly to the environment [22-26]. On the
other hand, resorcinol is a safe compound used
as an antiseptic and disinfectant in topical phar-
maceutical drugs. Furthermore, resorcinol is inex-
pensive, widely available, non-toxic, and environ-
mentally benign. Because of these characteristics,
resorcinol derivatives were selected for corrosion
studies.

The novelty in the present work is to examine
the inhibitive properties of resorcinol derivative,
DIH, towards steel in HCI media, as the synthe-
sized compound has a high molecular mass and
contains many electron donating atoms. The ma-
jor objective of the conducted paper is to inves-
tigate the efficiency of the DIH compound in a
0.5 mol L™! HCI solution to decrease corrosion of
CS. Weight loss (WL), electrochemical impedance
spectroscopy (EIS), and potentiodynamic polariza-
tion (PP) techniques are used to examine if the DIH
compound can be used as a safe and cheap in-
hibitor for carbon steel corrosion in 0.5 mol L™}

HCIL. The rate of corrosion has been computed
and discussed in relation to temperatures and ther-
modynamic parameters. Furthermore, the interac-
tion between the DIH molecules and the CS was
described using Monte Carlo simulation and den-
sity functional theory (DFT). The dual effect of the
DIH compound on pitting and microbial corro-
sion due to SRB bacteria was estimated to inhibit
the growth of bacteria in Postgate B media [27]
(Killing test). The molecular docking simulation
confirmed the in-vitro data when compared with
the co-crystallized ligand in the Moe and Chimera
programmes by loading PDBID= 4dnx [28].

2. Experimental details

2.1. Materials and solutions

A CS plate with a composition (wt. %) of 0.20%
C, 0.60% Mn, 0.04% P, 0.003% Si, and the rest Fe
was subjected to corrosion testing. The inhibitor
was used at concentrations of 50, 100, 150, 200, 250,
and 300 ppm. Corrosive media were made by dilut-
ing AR grade 37 % HCl in distilled water to 0.5 mol
L~! HCL The main chemicals utilized in the prepa-
ration are resorcinol, sodium carbonate, acetone,
ethanol, and methanol, all purchased from Sigma-
Aldrich. As reference and counter electrodes, sat-
urated calomel (SCE) and Pt gauze have been uti-
lized, respectively.

2.2. Synthesis of resorcinol derivative, DIH

The DIH compound was prepared by dissolv-
ing 10 g of 4, 6-Dihydroxy-isophthalic acid in 100
ml of absolute MeOH, and 5 ml of conc. H,SO,4
was added dropwise to the solution. The mixture
was refluxed in the water bath for 6 hours, and
then cooled to room temperature, and the mix was
poured in Nap,COs solution, filtered, and the ppt
was crystallized from ethanol with a yield of 78
%. DIH compound was synthesized by reacting
dimethyl 4, 6-dihydroxyisophthalate (DIH) with 10
ml of hydrazine hydrate in 50 ml of methanol.
The mixture was refluxed for 6 hours, filtered, and
crystallized from the methanol. The yieldis 86 %.
Scheme 1shows the derivative’s schematic prepa-
ration. The 'H NMR spectra are shown in Figure 1 .
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Figure 1: '"H-NMR of the DIH compound

2.3. Weight Loss Measurements

The gravimetric measurements were carried out
using recognized methodologies [29]. In the first
phase, the specimens were polished with various
emery sheet grades (400-2000), rinsed with dis-
tilled water, sonication, washed in acetone, left to
dry at room temperature, and then weighted. Next,
the steel specimens were immersed in 0.5 mol L™}
HCI with and without various dosages of inhibitor
for 24 hours at room temperature. This was fol-
lowed by a complete cleaning technique that in-
cluded ultrasonic washing in acetone, drying, and
weighing the steel samples. The volume of solution
is 100 ml, and the immersion times for the WL are
60, 120, 180, 240, 300, and 360 minutes at 25, 35,
45, and 55°C, respectively. To ensure optimal re-
producibility, three CS sheets were tested simulta-
neously, and the mean WL value was recorded.

2.4. Electrochemical studies

A three-electrode cell was applied to determine
the electrochemical data in this study. 1 cm? car-
bon steel electrode is used as a working electrode.
The saturated calomel electrode (SCE) and a plat-
inum electrode are used as a reference and aux-
iliary electrodes. Electrochemical measurements
were carried out with the help of a Biologic SP-
150 potentiostat and the EC-LAB software. Before
conducting the electrochemical tests, the working
electrode was immersed in 0.5% HCI for 30 min-
utes. The open-circuit potential (OCP) could be es-
tablished without and with varied dosages of the
inhibitor. At a scan rate of 0.2 mV s~!, the po-
tentiodynamic polarization curves swept from -900
to -100 mV(vs. SCE). Analyzing electrochemical
impedance is possible through the use of EIS. Us-
ing an alternating current signal at OCP with an
amplitude of 5 mV and frequency ranges between
100 kHz and 0.05 Hz, the EIS measurements were
made. The findings were averaged over three trials
for each test. A personal computer was used to ac-
quire the data. The data was displayed, graphed,
and fitted using Origin 2018 and Microsoft Office
2016 programmes.

2.5. Surface analysis study

The CS surface was handled with various abra-
sive sheets (grades 250 to 1200). The coupons
were then rinsed with deionized water before be-
ing immersed in 0.5 mol L™! HCI for 48 hours in
the non-existence and existence of the examined
organic compound’s optimal concentration (300
ppm). The coupons were then treated with deion-
ized water, dried, and inserted into the spectrom-
eter with no additional processing. A JOEL JSM-
6510 LV scanning electron microscope (SEM) and
atomic force microscopy (AFM) (Model: Keysight
5600LS large stage, made in the USA) were used to
get the images [30].

2.6. Calculations involving quantum chemistry

The quantum chemical parameters were deter-
mined using the DFT/6-31+G (d, p) basis set and
Monte Carlo MP, functional with a 3-21G (d) basis
set for all atom simulations.
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2.7. Biological Activity Evaluation

2.7.1. InVitro

The antibiotic effect of the synthesized organic
compound DIH on the sulfate-reducing bacteria
(SRB) in oil and gas fields was assessed using the
serial dilution method according to the American
Society for Testing and Materials (ASTM) desig-
nation (D 4412-84) [31]. Water contaminated by
SRB was supplied by the General Petroleum Com-
pany (G.PC, Western Desert, Egypt). The SRB was
treated with a dosage of the organic chemical pro-
duced (50, 150, and 300 ppm). The system was
kept in the incubator for 3 hours. Each system was
grown for 21 days at a temperature of 37 - 40 ° C
using an SRB-specific medium.

2.7.2. In Silico (Virtual mechanism by Molecular
Docking

The virtuality of the structural bioinformatics re-
search towards the active sites of the structure of
the ATP sulfurylase ligand, which was retrieved
from the Protein Data Bank, under the designation
(PDB = 4DNX), was used to elucidate the virtual
method of binding of the produced compounds.
Chemically and energetically, all of the substances
studied were improved. Furthermore, Nafie et al.
2019 [20] stated that the protein structure was pub-
licly available from the PDB and optimized using
standard procedures. MOE 2019 was used to ver-
ify molecular docking calculations, while Chimera
was used as a visualization programmer to investi-
gate drug-target interactions.

3. Results and discussion

3.1. WL study

To study the effect of introducing DIH at various
concentrations on the corrosion of carbon steel,
the WL technique was used after six hours of im-
mersion at 25 °C in 0.5 mol L™! of HCI. The WL is
determined as the weight of the CS, which dissoci-
ates when the carbon steel specimen is corroded in
the corrosive medium and is calculated from equa-
tion (1):

AW =W, - W, (1)

DW is the WL of the carbon steel specimen, and
W; and W, are the CS weights before and after

being treated with 0.5 mol L~! HCI, respectively.
The corrosion rate (CR) and inhibition efficiency
[Ew (%) were calculated according to the follow-
ing equation (2):

CR = AW | At (2)

Where AW denotes the WL value, A denotes the
total area per cm?, and t signifies the time of im-
mersion in minutes. Table 1 shows the results of
CS tests in 0.5 mol L~! HCI acid with and without
various concentrations of the DIH compound. The
compound’s inhibitory effectiveness improves with
increasing its concentration in the corrosive solu-
tion.

3.2. The impact of temperature on inhibition effi-
cacy

The impact of solution temperature on the in-
hibitory efficacy is evaluated at 25, 35, 45 &55
°C, and the data are reported in Tables 2 and 3

The efficacy of inhibition lowers as tempera-
ture rises. With increasing temperature, the in-
hibitor molecules depart the steel surface, resulting
in a decrease in inhibition efficacy values.

3.3. The thermodynamic activation parameters of
the corrosion process

Thermodynamic parameters are crucial and sig-
nificant tools for understanding inhibitor adsorp-
tion behaviour. The activation energy (E, ), en-
thalpy change (AH, ), and entropy change (AS, )
of activation for the dissolution of CS in 0.5 mol
L~! HCI solution were estimated. Arrhenius and
transition-state equations were used to calculate
the parameters in the non-existence and existence
of various doses of the DIH chemical compound.

*

K=A (&) 3)
=Aexp (o

k k AS? AH
il )= (o ()4 () - T @
T h R RT
Where k is the dissolution rate, R is the gas con-
stant, kg is the Boltzmann constant, T is the Kelvin
temperature, and h indicates Planck’s constant.

The Arrhenius plot (log k vs. 1/T) and transition-
state plots (log k/T vs. 1/T) of the DIH compound
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Table 1: Data of WL measurements for carbon steel in 0.5mol L~! HClI solution without and with different concentrations of the
DIH compound at 25 C.The immersion time is 240 min.

DIH
Concentration (ppm) CR 0 [E%
Kgm2.s1x1079
Blank 78.5+0.2 e ...
50 28.8+£0.3 0.633 63.3+£0.2
100 26.2+0.1 0.666 66.6+0.1
150 23.3+0.4 0.703 70.3£0.4
200 20.0+£0.5 0.745 74.5+0.2
250 17.9+0.1 0.772 77.210.1
300 15.0+0.2 0.809 80.9+£0.3

Table 2: Carbon steel corrosion rate after immersion in 0.5mol L~! HCI without and with different concentrations of the DIH
compound atdifferent temperatures.

DIH
Concentration CR,Kg.m 2.5~ x1079 at 240 min.

(ppm) 250C 350C 459C 559C

Blank 78.00+0.2 80.00+0.1 83.00+0.2 86.00+0.5
50 28.81+0.2 32.50+0.1 36.25+0.3 42.08+0.5
100 26.23+0.3 29.58+0.3 34.17+0.4 38.75+0.4
150 23.32+0.4 26.25+0.2 30.83+0.1 35.42+0.1
200 20.12+0.1 24.17+0.2 28.33+0.5 32.92+0.2
250 17.96+0.5 20.42+0.4 25.83+0.2 30.42+0.2
300 15.20+0.1 19.17+0.4 20.42+0.3 25.00+0.3

Table 3: Data of WL measurements at 240 min for carbon steel in 0.5mol L~! HCl without and with different concentrations of
DIH compound, at different temperatures.

DIH
250C 35°C 45°C 559C

Concn. 0 %IE Conc. 0 %IE Conc. 0 %IE Concn. 0 %IE

(ppm) (ppm) (ppm) (ppm)
0 0 .. 0 .. 0
50 0.633 63.3+0.2 50 0.589 58.95+0.1 50 0.554 55.38+0.1 50  0.512 51.21+0.2
100 0.666 66.6+0.1 100 0.626 62.63+0.3100 0.579 57.95+0.1 100  0.551 55.07+0.3
150 0.703 70.3+0.4 150 0.668 66.84+0.5150 0.621 62.05+0.3 150  0.589 58.94+0.2
200 0.745 74.540.3 200 0.695 69.47+0.4200 0.651 65.13+£0.4 200 0.618 61.84+0.4
250 0.772 77.240.2 250 0.742 74.21+0.2250 0.682 68.21+0.5 250  0.647 64.73+0.5
300 0.809 80.9+0.3 300 0.758  75.79+0.1300 0.749 74.87+0.3 300 0.710 71.01+0.1
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Table 4: Activation parameters for dissolution of CS without and withdifferent concentration of the compound DIH in 0.5 mol

L~ HCL
Concentration Ea* R? AH* AS*

(ppm) kJ mol~! kJ mol~! Jmol ! K71

Blank 3.5 0.94 0.9 -263
50 10.2 0.98 7.6 -252
100 10.6 0.98 8.0 -251
150 10.6 0.99 8.0 -53
200 11.1 0.99 8.5 -52
250 12.2 0.95 9.6 -49
300 12.9 0.95 10.2 -47

Table 5: Equilibriumconstant K,;; and standard free energy AG® .4, of adsorption of the compound DIH on CS in 0.5 mol

L~'HCI at different temperatures.

DIH
Temperature Slope Intercept x 10> K 4q5s X1073 AG? R?
o) (mol™) (KJ/mol)
25 1.22 81.7 1223.5 -27.6 0.99
35 1.29 92.8 1076.9 -26.8 0.99
45 1.32 94.1 1064.2 -26.8 0.99
55 1.41 46.7 2143.1 -28.5 0.99

Table 6: Potentiodynamic polarization parameters of carbon steel in 0.5 mol L™'HCI containing different concentrations of the

compound DIH at 25°C
Compd. -E corr Ba -Bc I corr 0 %IE
DIH (Vvs SCE) x 1073 (Vdec 1 x (Vdec (A
(ppm) 1073 ~1y*1073 /cm?)*1073
Blank 391 242 322 1.52 ... ...
50 401 207 298 0.58 0.618 61.8+0.2
100 387 201 221 0.52 0.658 65.8+0.1
150 394 197 200 0.42 0.724 72.4+0.3
200 391 185 189 0.35 0.770 77.0+0.4
250 392 165 183 0.28 0.816 81.6+0.5
300 382 121 141 0.20 0.868 86.8+0.2

are shown in Figure 2 . The Arrhenius plot creates
a straight line with a slope of - E;*/2.303R, through
which the E, value of the impeded dissolution pro-
cess of CS is evaluated and listed in Table 4 . The
Ea* has a value of 3.5 kJ mol~! for the blank solu-
tion. Because the DIH compound inhibits the cor-
rosion process, the activation energy significantly
increases with varying concentrations of the or-

ganic compound. This change in E; might be at-
tributed to either DIH compound precipitation on
the CS surface or a change in the potential differ-
ence of the metal solution border due to adsorp-
tion. Transition-state plots show straight lines with
slopes of (AHa* /2.303R) and intercept log (kg/h) +
AS,*/R, from which the AS, and AH," quantities
in Table 4 were . The positive AH,* indicates that
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Table 7: EIS data of carbon steel in 0.5 mol L~'HClwithout and with different concentration of the compound DIH at 25°C.

DIH
Concn. Rct Rs Yo n ¥ x10° Caqlx107° 0 IE%
(ppm) Qcm?) Qcm?) mQlsn %
cm™ (Fcm™2)
Blank 48.60 1.44 0.150 0.98 5.57 108 ‘e ..

50 129.1 1.46 0.135 0.87 7.41 40 0.624 62.4+0.3
100 140.4 1.45 0.098 0.87 8.18 35 0.654 65.4+0.1
150 180.1 1.53 0.071 0.78 6.03 24 0.730 73.0+£.04
200 220.8 1.52 0.061 0.85 8.68 20 0.779 77.9+£0.2
250 280.3 1.62 0.053 0.88 6.45 15 0.827 82.7+0.1
300 351.3 1.48 0.180 0.89 5.45 13 0.862 86.2+0.4

Table 8: AFM parameters of carbon steel.
Substance Sa (um) Sq(um) Sp(um) Sv(um) Sz(um)
Control 0.0451 0.0616 0.234 0.436 0.670
0.5 mol L-1 HCl 0.254 0.351 6.04 3.56 9.60
DIH 0.138 0.203 0.759 1.41 2.17
Table 9: The calculated quantum chemical parameters obtained from DFT theory
HOMQUMO AE D i o u X ) Total Total  Volume
(au) (a.uw) (a.uw) (Debye)(a.u) (a.u) (a.u) (a.w) (a.u) negative energy (cm®/mol)
charge TNC (Et)
- - 0.195 7.974 0.098 10.20 -0.15 0.15 0.12 -6.89 -830.76  153.47
0.25 0.05

Table 10: The descriptors calculated by the Monte Carlo simulation for adsorption of the inhibitors on Fe(110) surface

Molecule Total Energy Adsorption Deformation Rigid adsorption
(kcal/mol) Energy Energy Energy
(kcal/mol) (kcal/mol) (kcal/mol)
DIH -29.010 -128.310 -23.295 -105.014

Table 11: Biocide effect of the investigated synthetic com-
pound against SRB

complex. The negative of AS, indicates that the
DIH molecules were ordered on the CS surface, re-
sulting in a reduction in entropy [32].

Conc. 50 ppm 150 ppm 300 ppm
Compd. (cell/ml) (cell/ml) (cell/ml) . . .
Blank 106 3.4. Adsorption considerations
DIH 104 102 Nil Both chemical and physical adsorption mecha-

an endothermic mechanism forms the activation

nisms are involved in the (CS)/inhibitor relation-
ship adsorption process. The metal’s charge, the
examined molecule’s chemical structure, and the
electrolyte’s aggressiveness, all play a role here.
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Figure 2: Arrhenius plots (log k vs. 1/T) andTransition-state plots (log k/T vs. 1/T) for corrosion of carbonsteel in 0.5 mol L™
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Figure 4: Plots of potentiodynamic polarization for dissolu-
tion of carbon steelwithout and with different concentrations
of compound DIH, at 25°C.

Compared to alternative adsorption models, the
Langmuir model is the best-suited isotherm for
describing the adsorption behavior of the investi-
gated inhibitor, with a regression coefficient of R? =
0.9994. (Frumkin, Freundlich, and Temkin). Lang-
muir may be determined using the following for-
mula

C 1

0 - Kads

+C (5

Where C is the inhibitor concentration, and K, is
the constant of equilibrium adsorption-desorption
process on the CS surface, respectively, and (0) is
the electrochemically determined (CS) surface cov-
erage. Figure 3 depicts a linear relationship with
a slope and a correlation coefficient close to one.
Additionally, the fitted data from both measures
(potentiodynamic polarization and weightloss) are
connected. The (K ,45) value appears using the free
energy standard of adsorption (G° 445). [33-35] (6):

Kads = 52z exp(5E) 6)

Where 55.5 denotes the molar amount of H,O.
The negative value of AG® ;4 confirmed that the CS
surface has a long-lasting adsorption coating [36].
The physisorption process is defined as AG .4, val-
ues up to 20 k] mol~!. Those greater than 40 kJ
mol~! are, however, chemisorption [37], [38]. For
the present system, the AG°,4; is ranged between
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-27.6 and — 28.5 k] mol~!. The DIH inhibitor, as
shown in Table 5, reduces the rate of CS corrosion
via physisorption and chemisorption processes.

3.5. PP measurements

The Tafel polarization curves for CS in 0.5 mol
L~! HCI acid at varied DIH concentrations are
shown in Figure 4. Table 6 lists all of the electro-
chemical properties, including corrosion potential
(Ecorr), corrosion current density (ico,r), Tafel an-
odic slope (B,), and Tafel cathodic slope (8.). The
inhibitory effectiveness was calculated using Eq.

(7).

(i°corr—icorr)
%IE = 6 x100 = — (7)
i°corr

The current densities that are unregulated and in-
hibited are given by i, and icorr, respectively.

x50 S00 pum

x50 500 pm

x50 500 pm-

Figure 7: a) Pure CS surface; b) CS after immersing in 0.5mol
L~! HCl; and d) CS after immersing in 0.5 mol L~! HCl+ 300
ppm DIH
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Figure 8: a) AFM three-dimensional picture of pure carbon
steel; b) AFM three-dimensional picture of carbon steel sur-
face after immers ion for 48 hours in 0.5 mol L~! HCI; c) AFM
three-dimensional picture of carbon steel after immersion for

. -1
48 hours in 0.5 mol L™" HCI + 300 ppm DIH. Figure 10: (A) Side view and (B) Top view for adsorption ofin-

vestigated inhibitor on Fe (110).

Compd. HUMO

DIH

Compound  Electron density plots of molecular electrostatic potentials
(MEP)

Figure 11: Counted SRB media after 21 incubation day.

DIH
The corrosion potential (E.,;) and corrosion
current density (i) got from the intersection of the
cathodic, and anodic polarization curves are listed
in Table 6 . The corrosion current density (i) was
measured using the subsequent equation:

Figure 9: Geometrical structure and charge density distribu- i =B/Rp (8)
tion of HOMO andLUMO levels of the inhibitor compound Where R, is that the polarization resistance & B

DIH. is that the Stern-Geary constant, calculated by the
following equation:
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(a) ~—
. . -
) " S < -
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Figure 12: a) Ligand-receptor interactions of the docked
DIH compound inside the active site of the structure of the
ATP sulfurylase (PDB=4DNX); b) The three dimensional (3D)
bindingdis position of compound DIH inside the active site
of the structure of the ATP sulfurylase (PDB=4DNX) ; c) Sug-
gested adsorption of DIH compound on the LCS surface.

_ Ba. Bc
B=s505parp0 O
Where: f, and (.are the anodic and cathodic

Tafel slopes, respectively.

As shown in Figure 4 and Table 6 , the corrosion
potential (E.,;r) values have altered somewhat.
The difference in corrosion potential (E.,r) be-
tween the absence and presence of the investi-
gated inhibitor is fairly small, indicating that the
inhibitor is a mixed-type inhibitor that accords
with open circuit potential measurements [39].
In addition, the anodic and cathodic Tafel slopes
change, showing that the inhibitor is a mixed in-
hibitor that controls both anodic and cathodic pro-
cesses. These effects might be caused by inhibitor

molecules adsorbing on the CS surface [40], [41].
As seen in Table 5, the i.,,» decreases as the in-
hibitor concentration increases. As the inhibitor
concentration is raised, the inhibition efficiency
increases till attaining 86.8% at 300 ppm.

3.6. EIS measurements

Table 7 summarizes the data derived from EIS
measurements for the dissolution of CS in the pres-
ence of the DIH compound and 0.5 mol L™! HCI
acid at room temperature. The Nyquist (1) and
Bode (2) plots for CS in 0.5 mol L™! HCI in the
non-existence and existence of varying dosages of
the DIH compound are depicted in Figure 5. The
impedance spectra demonstrate only one semicir-
cle. The semicircle suggests that the dissolution
of CS in 0.5 mol L™! HCI acid is mainly governed
by a charge transfer and is often associated with
the charge transfer and double-layer nature of the
corrosion process [42]. In the presence of DIH,
the diameter of the capacitive loop is larger than
in the case of an inhibitor-free solution and in-
creases with DIH dosage. This implies that as the
inhibitor dose increases, so does the impedance of
the inhibited substrate. The frequency dispersion
effect may be seen because these impedance spec-
tra are not perfectly symmetrical semicircles. This
abnormal behavior is commonly attributed to the
imperfections and non-uniformity of the CS sur-
face [43]. As seen in Figure 5 (2),the impedance
spectra in the Bode plots show only one semicircle
correlating to one time constant. It is reasonable
to conclude that when the inhibitor dose increases,
the charge transfer resistance R.; value increases,
while double-layer capacitance (Cg;) values drop.
The most likely causes of this effect are a reduction
in the local dielectric constant and/or a growth in
the thickness of the double layer [44]. The equiva-
lent circuit shown in Figure 6 is being used to an-
alyze the Nyquist curves, which comprise Ry and
CPE (constant phase element) parallel to the R,;.

The variables such as a proportional factor
(Y,), phase shift (n), R;, & R.; were calculated
with the help of the ZSimpWin program. The
impedance variables are given in Table 7. The CPE
type impedance, Zcpg, was estimated from the
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subsequent equation:
Z L (10)
CPE= ———7
Yo ( ]w)”

Where n is that the phase shift, that enables notifi-
cation for the degree of imperfection in capacitive
action, and Y, is a proportionality operator, j =
vV-landw =2nf.

Double-layer capacitance magnitudes (C ;) ob-
tained from CPE parameters in keeping with the
subsequent relation:

Car = Yo(wmax)n_1 (11)

Where Wpax = 27 fnax and finay is that the fre-
quency when the imaginary part of the impedance
is the utmost.

The mitigation efficacy of surfactant can be esti-
mated via the next equation:

o
ct

R;,—R

ct

Where, R.; and R, are the electron-transfer re-
sistances magnitudes in the non-existence & exis-
tence of the prepped compound, respectively.

For Bode plots, there is a directly proportional
relation between log |Z| and log f. The value of a
slope approaches -1 & the phase angle value ad-
jacent to -65°. This proves the non-ideal capaci-
tive performance at mediate frequencies. It was re-
ported that the perfect capacitive performance is
attained if the slope is -1 & the angle of phase is -90°
at mediate frequencies. The magnitudes of slope
and phase angle in inhibited solutions are larger
than ones get in uninhibited solution. This con-
firms the mitigation performance of the examined
compound in the disintegration process of steel.
Increasing the amount of the prepped compound
in the corroding solution improves the inhibition
efficacy because of the adhesion of more surfactant
molecules at the metal surface.

It is worth observing that the magnitudes of mit-
igating efficiency estimated by PP and EIS method-
ologies differ just a little. Indeed, the discrepan-
cies between the two metods are attributed to vari-
ations in the surface state of the electrode mate-
rial [45].

3.7. Surface Studies

SEM and AFM techniques reveal a CS surface’s
smoothness and decreased roughness in the pres-
ence of the synthetic chemical DIH.

3.7.1. SEM investigation

Figure 7 a shows an SEM image of the polished
surface of CS before immersion in the test solution
of 0.5 mol L™! HCL. Figures 7b and 7c show the mi-
crographs of CS specimens without and with 300
ppm of the DIH organic compound after 48 hours
of exposure to 0.5 mol L™! HCI solution at room
temperature. The CS surface of the blank speci-
men is severely corroded. however, in the presence
of the DIH compound, the surface is smoother
and has less roughness influenced by the corrosion
process than the blank solution. The surface be-
came isolated from the corrosive medium because
of the adsorption of the synthetic compound on
the CS surface and the formation of a protective
film. As a result, the organic compound is an ef-
fective CS corrosion inhibitor in HCl media.

3.7.2. AFM characterization

AFM is utilized to test the surface appear-
ance at the pico to micro-scales, which is a stun-
ning and innovative tool for examining the ef-
fect of the inhibitors on the corrosion process at
the CS/solution boundary. Figure 8 show three-
dimensional (3D) AFM morphologies for CS in 0.5
mol L~! HClin the presence and absence of the op-
timum concentration (300 ppm) of the DIH com-
pound after 48 hours of room temperature. The
surface of the CS in 0.5 mol L™! HCl is significantly
more damaged than the surface of the CS in the
presence of the organic compound. The CS sur-
face in 0.5 mol L™! HCI acid is significantly more
damaged than the CS in the presence of the or-
ganic compound. In addition, the average rough-
ness of CS in 0.5 mol L' HCI solution (blank) is
calculated to be 0.254 ym. In the presence of the
DIH compound, the mean roughness is reduced to
0.155 pm, implying that the studied organic com-
pound is adsorbed at the CS surface and consti-
tutes a protective film that isolates the CS surface
from the aggressive HCl solution. All height param-
eters are given in Table 8 , such as the arithmetic
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mean height (Sa), the root mean square height
(Sq), the maximum peak height (Sp), the maxi-
mum pit height (Sv), and the maximum height
(Sz), are computed in micrometer units accord-
ing to ISO 25178 [46]. The inhibitory efficacy out-
put data from chemical and electrochemical ap-
proaches agrees well with the roughness values ob-
tained.

3.8. DFT results

The nature of the interaction between the DIH
compound’s adsorption centers and the CS sur-
face was investigated using DFT simulations. Fig-
ure 9 a shows the optimized structure’s highest oc-
cupied (HOMO) and lowest unoccupied (LUMO)
molecular orbitals.The energy gap (AE) between E
gomo and E ;yuo is calculated. Other factors af-
fecting the nature of the DIH-CS relationship, like
ionization potential (I), electron affinity (A), elec-
tronegativity (y), chemical potential (1), hardness
(n), softness (o), electrophilicity (w), total negative
charge, total negative charge (TNC) and total en-
ergy (E;) were estimated by the subsequent rela-
tionships [46] and are listed in Table 9 .

AE=Eiymo—Enomo (13)

I=-Enomo (14)
A=—-Erymo (15)
p=-x (16)

_ (Enomo ; Erymo) 17)

_ (Erumo — Enomo)
2

(18)

(19)

Q
[l
I | =

Quantum mechanics simulations were utilized to
examine the process of adsorption at the CS sur-
face and analyze the influence of structural fac-
tors on inhibitor effectiveness. The DIH’s molecu-
lar and electronic characteristics were determined
by optimizing the lengths and angles of its bonds
as well as the distortion angles. Figure 9 depicts
the estimated configurations with the lowest en-
ergy gained from these calculations. As a result of
the electron sharing between the oxygen in the DIH
and the CS, the studied inhibitor may adsorb at the
CS surface [47]. The computations revealed that
the geometrical structures of the examined organic
compound are virtually planned, as illustrated in
Figure 9. It has been reported that chemical re-
activity is determined by the interaction of HOMO
and LUMO levels [48].

The capacity of a molecule to transfer electrons
to a suitable acceptor with unoccupied molecu-
lar orbitals is denoted by EHOMO, and the abil-
ity to acquire electrons is denoted by ELUMO. The
molecule’s capacity to accept electrons is propor-
tional to the value of E LUMO [49]. The higher
the EHOMO value of the inhibitor, the simpler it
is for it to transfer electrons to the CS’s unoccu-
pied d-orbital, and the greater the inhibitory ef-
fectiveness. As indicated in Table 9, DFT stud-
ies demonstrated that the organic inhibitor has a
high EHOMO -0.248a.u. This may explain why
the DIH inhibitor has high adsorption potential
on the CS surface. D [50] used the dipole mo-
ment to explain and justify the structure. D is
the first derivative of an applied electrical field’s
energy. Table 9 shows a strong correlation be-
tween D and inhibition efficiency. Another quan-
tum parameter derived from the computations is
the molecule volume. The progressive increase
in inhibitor molecular volume indicates that the
metal surface area covered/protected by the in-
hibitor molecules is gradually enhanced by extend-
ing the length of the hydrophobic chain. This
observation is consistent with the findings of the
polarization and impedance experiments. The
inhibitor DIH has a large molecular volume of
153.470 cm3/mol. This improves the inhibitor’s in-
hibition efficacy by expanding the surface contact
between the inhibitor’s molecules and the metal
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surface. This is consistent with the experimental
findings. h & s are significant qualities that assess
a molecule’s stability and reactivity, and they agree
with experimental evidence.

Furthermore, the calculations revealed that the
DIH inhibitor has a low y and w and a high TNC (-
6.886€), Table 9 , which increases its donating ca-
pability to the CS surface and, as a result, its in-
hibitory efficacy. The preceding section concludes
that the quantum characteristics confirm that the
DIH compound has a high inhibitory efficiency,
which is by the experimental findings. In addition,
the HOMO level of the inhibitor is mainly localized
at the lone pairs of nitrogen atoms in the NHNH,
moiety and at the m-bonding character of the C-
C bond of the phenyl moiety. This indicates that
these moieties are the favorite centers for the nu-
cleophilic attack at the CS surface, as shown in Fig-
ure 9. This also implies that the phenyl moiety,
which has a high coefficient of HOMO density, was
orientated towards the CS surface and that adsorp-
tion happens most likely via its 7 -electrons.

Moreover, the calculations revealed that the
charge density of the LUMO level is localized as
the anti-bonding character of the C-C phenyl moi-
ety and C=0 groups for the examined compound,
implying that these moieties might be reacted as
an electrophile, as shown in Figure 9. The molec-
ular electrostatic potentials (MEPs) are immensely
beneficial in that negative regions could be viewed
as nucleophile sites, while positive electrostatic
potential regions can be considered potential
electrophile sites. In addition, the electrostatic
potential reveals the polarization of the electron
density. The results revealed that the oxygen atom
has a negative electrostatic potential, implying
that these centers are energetically favorable for
attachment to the metal surface, Figure 9. Accord-
ing to the obtained results, there is a strong link
between the examined inhibitor’s quantum chemi-
cal characteristics and its inhibition efficacy for CS
corrosion.

3.9. Monte Carlo simulation

The Monte Carlo (MC) technique is particularly
successful for anticipating inhibitor chemical in-
teractions and adsorption processes on the sub-

strate surface [51]. The most stable DIH molecule
configuration was found on the surface of Fe (110),
with the cleavage plane (h, k, 1) (i.e.,, 110) being
the most stable for the iron crystal [52, 53]. The
adsorption locator modules were in charge of the
MC study, which included a three-cycle simulated
annealing run with 10,000 steps each. The force
field was set to compass, and the energy calcu-
lation quality was set to ultrafine. Figure 10 dis-
plays the mechanisms of DIH compound adsorp-
tion on the Fe (110) crystal from both the side and
top views. The simulation approach’s output data
is mostly in the form of energy indicators, like the
overall energy of an adsorbate is equal to the sum of
its internal and adsorption energies (E;,;). The ad-
sorption energy (E,4;) is calculated by adding the
stiff adsorption energy to the deformation energy
generated when the inhibitor molecule (adsorbate)
is loosened on the low carbon steel surface (sub-
strate). When non-relaxed adsorbate components
are adsorbed on the substrate, the stiff adsorption
energy (E;;giq) is released (or needed). When the
adsorbed inhibitor components on the low carbon
steel surface relax, deformation energy (Eg.) is re-
leased. Table 10 shows that the DIH molecule’s ad-
sorption energy is more stable, meaning that the
DIH molecule has a stronger interaction with the
low carbon steel surface and hence a higher in-
hibitory efficiency, which is consistent with the ex-
perimental results.

3.10. Laboratory examination

The antibacterial action of the produced organic
compound DIH on sulfate-reducing bacteria (SRB)
in oil and gas fields was evaluated using the se-
rial dilution technique according to ASTM D4412-
84 [17]. SRB-contaminated water was provided by
the General Petroleum Company (GPC, Western
Desert, Egypt). A total of 106 bacteria cells/ml grew
in the polluted water. A dosage of the synthesized
organic compounds was evaluated as a biocide for
the SRB (50, 150, and 300 ppm). The system was
incubated for 3 hours of contact time. Then, each
system was grown for 21 days at 37-40 °C in an
SRB-specific medium. Table 11 and Figure 11 show
the results.
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Table 12: The comparison between the tested DIH and other
inhibitors reported inthe literature

Inhibitor name IE  Reference
(%)
4(p-tolyldiazenyl)-2-((E 55.0 [54]
)-(p-
tolylimino)methyl)phenol
3-(2-((4- 52.9 [55]
hydroxybenzylidene)amino)thiazole-
4-yl)-2H-chromen-2-one
N-(4-N, 80.6 [56]
N-dimethylaminobenzal)-
p-anisidine
N-(4-N, 79.1 [57]
N-dimethylaminobenzal)-
p-toluidine
N-(4-N, 75.9 (57]
N-dimethylaminobenzal)-
2,4-dinitroaniline
Resorcinol derivative DIH 86.2 This
work

3.11. Explanation of molecular docking data

carbon steel surface using two primary adsorption
techniques (N and O). These active electrons share
the Fe atom’s d-orbitals. In Figure 12, you can see
an illustration of a proposal.

3.13. Comparison between the resorcinol derivative
DIH and other inhibitors reported in the liter-
ature

The comparison between the investigated DIH
compound and other inhibitors reported in the lit-
erature for corrosion protection of steel at the same
experimental conditions are summarized in Ta-
ble 12. This comparison shows that the DIH com-
pound is more effective as a corrosion inhibitor
than other inhibitors.

4. Conclusions

DIH, a resorcinol derivative, is synthesized and
its structure is confirmed by 'HNMR. DIH is ex-
amined as a corrosion inhibitor for CS in 0.5 mole
L~! HCL. The mitigation efficacy of DIH improved
as its concentration is increased in corrosive me-
dia. On the other hand, the efficacy decreased with
rising temperature. DIH compound is a mixed-

The investigated 4, 6-dihydroxyisophthalohydrazidetype inhibitor. The inhibition action of the DIH

(DIH), was chosen for molecular docking exper-
iments to emphasize their mode of action. It
docked with binding energies of -83.2 KJ/mol,
compared to -76.2 KJ/mol for the substrate, which
is a good value indicating increased binding affini-
ties. The crucial amino acids, Arg 201 and Ala 299
created strong binding connections. It had two
binding affinity interactions, one as an HB-donor
and the other as an HB-acceptor, as shown in
Figure 12.

3.12. Mechanism of action

Electrostatic interaction between the inhibitor
molecules and the carbon steel surface through
protonated heteroatoms and various linkages de-
termines the adsorption behavior of the resultant
protective layer. Benzene-ring electron interac-
tions with Fe atoms’ empty d-orbitals and the
donor-acceptor interactions of iron (C1018 steel)
surfaces with the lone electron were utilized to
validate the inhibitor molecule’s contact with the

compound is governed by charge transfer. The ad-
sorption of the DIH compound followed Langmiur
isotherm. SEM and AFM results indicated the for-
mation of a compact layer of the DIH compound at
CS. The quantum properties confirmed that the in-
hibitor has high inhibitory effectiveness. The DIH
compound inhibited the growth of SRB bacteria.
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