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Abstract

The inhibitive action of azo dye aminophenol derivatives, namely 6-(4-benzenesulfonic acid azo)-3-aminophenol
(compound (1)) and 4-(2,3-dimethyl-1-phenylpyrazol-5-one azo)-3-aminophenol (compound (2)) against the
corrosion of C-steel in 2 M HCI solution using Tafel polarisation, surface morphology, electrochemical
impedance spectroscopy and electrochemical frequency modulation techniques. The inhibition efficiency
increased with increasing inhibitor concentrations and decreased with increasing temperature. Tafel polarization
curves showed that the corrosion rate was decreased with increasing compounds concentration into HCI solution.
Inhibition efficiency values obtained from various methods employed were in reasonable agreement. It was found
that the order of percentage IE of these investigated compounds obey the following order: compound (2) >
compound (1). In addition, the antimicrobial and antifungal activities of the aminophenol derivatives compounds
(1 and 2) and comparing them with the standard antibacterial and antifungal drugs were described. The results
showed that the compound (2) is very good antibacterial agents against Bacillus subtilis and Staphylococcus
aureus. The compound (2) is more active than the compound (1) and penicillin G against Bacillus subtilis and
Staphylococcus aureus. It was found that the compound (2) is more active than penicillin G which is used as the
antibacterial standard drug against Enterobacter sp. and Klebsiella pneumoniae. Molecular docking was used to
predict the binding between aminophenol derivatives compounds (1 and 2) and the receptors of the crystal
structure of Staphylococcus aureus (3q8u) and the crystal structure of Escherichia coli (3t88). The compound (2)
showed best interaction with receptor of Staphylococcus aureus (3q8u) than the compound (1).

Keywords: Surface Morphology; Tafel polarization; Corrosion inhibition; SEM—EDX; Molecular docking; Antimicrobial activity.

Introduction corrosion inhibitors aim to minimize or prevent

C-Steel is well known as an excellent mechanical and
low cost corrosion inhibitor, and therefore it can be
used in a wide range of industrial applications. It
usually used in marine applications, chemical
processing, drums, heat exchanger, tanks, petroleum
production and refining, construction and metal
processing equipment. Acid solutions are generally
used for the removal of rust, during pickling, industrial
cleaning and oil well acidizing which leads to
corrosive attack on  C-steel. Therefore, the uses of

corrosion, especially in acidic media, from occurring
and protection of unexpected metal dissolution and
acid consumption [1].

Organic corrosion inhibitors containing O, N, or S
atoms and heterocyclic structures can significantly
reduce the occurrence of corrosion with the addition of
only very small amounts and consider more efficient
inhibitors [2-4]. Hetero atoms, such as nitrogen,
oxygen and sulfur adsorbed on the metal surface are
blocking the active sites and generating a physical
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barrier to reduce the transport of corrosive species to
the surface of the metal [5-7]. Adsorption is affected
by the nature, surface and the chemical structure of
inhibitors charge of the metal [8-10].

The scope of the present work is to study the corrosion
inhibition effect and electrochemical behavior of
newly  synthesized  aminophenol  derivatives
compounds (1 and 2) for C-steel in 2 M hydrochloric
acid solution by the Tafel polarization,
electrochemical frequency modulation (EFM) and
electrochemical impedance spectroscopy (EIS)
techniques. The test coupon surfaces were analyzed
using scanning electronic microscopy (SEM),
revealed that the compounds under investigation form
a protective film from corrosion on the C-steel surface
in 2 M HCI and acts as a barrier to corrosive media.
Molecular docking is used to predict the binding
between aminophenol derivatives compounds (1 and
2) and the receptors of the crystal structure of
Staphylococcus aureus (3q8u) and the crystal
structure of Escherichia coli (3t88). Also, we describe
the antimicrobial and antifungal activities of the
aminophenol derivatives compounds (1 and 2) and
comparing them with the standard antibacterial and
antifungal drugs.

Experimental

Inhibitor preparation and characterization

The azo dye aminophenol derivatives compounds of 6-(4-
benzenesulfonic acid azo)-3-aminophenol (Compound (1))
and 4-(2,3-dimethyl-1-phenylpyrazol-5-one azo)-3-
aminophenol (Compound (2)) were prepared and
characterized by various spectral techniques as described by
El-Sonbati et al. [11]. The different azo dye aminophenol
derivatives compounds are represented in Table S1.

Metal coupons composition and medium

The wt. % composition of C-steel used in corrosion
measurements is 0.20 C, 0.53 Mn, 0.3 Si, 0.055S, 0.045P, Fe
balance. 2 M HCI was prepared by dilution of HCI (BDH
grade, 37%) with double distilled water.

Techniques utilized for measurements

All the experiments were carried out by using ultra
circulating thermostat at 25 °C and the solutions were not
deaerated. The curves of potentiodynamic current potential
were registered by changing the potential of electrode from -
500 to 500 mV automatically by using Potentiostate (Gamry
PCI 300/4) with scanning rate 5 mVs™ and for calculations
with DC 105 software and with the aid of computer which as
well registered and stored and saved the data in case of carbon
steel. Before take place any experiment, the working
electrode was polarized at potential of -1.5 V to reduce the
pre-immersion oxide film for 20 minutes on the electrode
surface.
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Tafel polarization method

Tafel polarization method was carried out in thermostatic
cell conventional assembly using three electrodes (a sheet of
platinum as a counter electrode, saturated calomel electrode
(SCE) and C-steel electrode of size 1 x 1 cm) and was
utilized a Gamry Galvanost at/ZRA/ Potentiostat (model PCI
300/4). The potentiostatic diagrams were occurred from -5
to 5V at a scan with rate 0.5 mVs? after reached to the
steady state (30 minutes).

Electrochemical Frequency Modulation Technique
(EFM)

EFM technique was used for the determination of the rate of
corrosion at 30 £ 1 °C. It was performed by utilization of
two different frequencies of 2.0 and 50 Hz. The
intermodulation current responses form corrosion density
(icor.) and harmonical intermodulation peaks of current are
determined each 30 min. The larger peaks were used to
measure the current, the Tafel slopes (Ba and Bc) and the
causality factors (CF2 and CF3) [2,10].

Electrochemical impedance spectroscopy (EIS)

The circuit model of equivalent electrical was utilized for
this system where Rct= charge transfer resistance, R= resistor
and Rs= resistance of solution, and Cai = the capacitance of
double layer. EIS300 software of Gamry applications was
used for EIS measurement.

Surface morphology (SEM-EDX)

The C- steel analysis was dipped for three days in 2 M HCI
with and without the investigated inhibitors. The
morphology on the C-steel surface was carried out by using
scanning electron microscopy (SEM) using JOEL, JSM-
T20, Japan into the spectrometer (pw-1390) Philips.

Assay of antimicrobial activities

Agar well diffusion method [12-15] was used to assay the
antimicrobial activity of the aminophenol derivatives
compounds (1 and 2) at different concentrations (50, 100 and
150 pl) using dimethylformamide (DMF) as solvent. DMF
was also tested as a control. The antibacterial activities
against Bacillus subtilis, Staphylococcus aureus, Bacillus
cereus, Klebsiella pneumoniae, Escherichia coli,
Pseudomonas sp. and Enterobacter sp. were assayed on
nutrient agar medium. The antifungal activities were assayed
against Aspergillus niger, Candida albicans and Fusarium
oxysporum using DOX agar medium. Wells (10 mm) were
inoculated with the tested bacteria or fungi in in agar
medium. Each tested compound (200 ul) was put in a well.
The agar plates were kept at 4 °C for 30 min., then incubated
them at 37 and 30 °C for bacteria and fungi, respectively.
The standard drugs (penicillin and miconazole) were also
tested in comparison with the compounds. The activities of
antimicrobial were assayed by measuring diameters of the
inhibition zones after 24 hours and 7 days for bacteria and
fungi, respectively.

Analysis of molecular docking

The molecular docking of aminophenol derivatives
compounds (1 and 2) was performed to different bacterial
cell division proteins. In the study the actual docking process
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in which the aminophenol derivatives (1 and 2) — protein
pair-wise interaction energies are calculated using Docking
Server [16-19]. The MMFF94 Force field was used to
minimize the energy of aminophenol derivatives compounds
(1 and 2) molecules using Docking Server. Gasteiger partial
charges were added to the aminophenol derivatives
compounds (1 and 2) atoms. Docking calculations were
carried out on the receptor of crystal structure of
Staphylococcus aureus (3q8u) and the receptor of crystal
structure of Escherichia coli (3t88) proteins model.
Essential hydrogen atoms, solvation parameters and
Kollman united atom type charges were added with the aid
of AutoDock tools [20-23].

Results and Discussion

Characterization of the compounds

The compounds (1 and 2) were prepared as described
previously [11]. The structure of the formed compounds
(Fig. 1) was established by elemental analyses, IR, "H NMR
spectroscopes (Table S2) and X-Ray diffraction analysis.
The X-ray diffraction (XRD) pattern of the compound (1) is
shown in Fig. 2. The XRD pattern of compound (1) shows
many diffraction peaks which indicate the polycrystalline
phase [24-26]. The lattice parameters (a, b, ¢, o, p and y) and
Miller indices (hkl) for compound (1) is estimated and listed
in Table S3. The XRD pattern of compound (2) shows broad
peaks indicate that compound (2) is a mixture of crystalline
and amorphous phases [27,28].

Tafel polarization measurements

The effect of the addition of aminophenol derivatives on the
corrosion rate of C-steel was investigated by Tafel
polarization method. The changes in the polarization plots
after the addition of aminophenol derivative inhibitors are
usually utilized as the criteria as cathodic, anodic or mixed
inhibitors [29]. Fig. 3 shows the plots of Tafel polarization
for C-steel for different potion of compound (1) at 30 °C.
Same plot was given for other aminophenol derivative
compounds. The cathodic curves shown in Fig. 3 give almost
lines parallel indicating that the hydrogen atoms emptying
the reaction lower, it’s the activation being controlled by the
addendum of organic compounds [30,31]. The Kkinetic
parameters of corrosion potential (Ecorr), inhibition
efficiency values (% IEp), corrosion current density (icorr),
anodic and cathodic Tafel slopes (Ba and Bc) were obtained
by the data of Tafel plots and given in Table 1. In addition
to the study of the all concentrations result showed the
following:

o A decrease in the corrosion rate leads to a decrease in
the current density (icorr).

e The existence of an improvement on the surface of
coverage leads to increasing in the values of % IEp.

e No shift was observed in the data of potential of
corrosion (Ecorr) with estimate to the blank.

o  The slopes of the anodic and cathodic Tafel lines (. and
Bc) include nearly unchanged upon appending of
aminophenol derivatives compounds (1 and 2), giving
improving to almost parallel cathodic plots results and
a nearly parallel set of anodic lines.

The inhibition efficiency was measured using the equation (1):

%lEp=[(iocorr—icorr)/iocorr]XI 00 .covvennnnns (1)

Egypt. J. Chem. 64, No. 2 (2021)

where i%orr and icorr = current corrosion densities without and
with aminophenol derivatives inhibitors, respectively.

So, the adsorbed of aminophenol derivatives
compounds (1 and 2) inhibitors blocking the sites of active
for both anodic and cathodic methods. The adsorbed
aminophenol derivatives compounds (1 and 2) inhibitors
lower the area of corrosion surface without impressive the
mechanism or technique of corrosion process on C-steel in 2
Molar HCI solution. The efficiency of inhibition of the
inhibitors of aminophenol derivatives compounds (1 and 2)
as the following the arrangement: Compound (2) >
Compound (1).

EFM methods

Figure 4 represents the EFM spectra for C-steel with and
without different concentrations of compound (1). Similar
diagrams were given in compound (2). Two different the
values of EFM were used two various models:

i- The activation of model.

ii- The complete diffusion control of the cathodic reaction
For the activation of model, assuming that the potential of
corrosion does not change because of the polarization of the
working electrode, a set of three non-linear equations had
been used [32]. From EFM, the kinetic parameters like as the
corrosion density current (icorr), the causality factors (CF-2
& CF-3) and Tafel slopes (Bc and Ba) are listed in Table 2. It
was found that the values of the protection efficiency (%IE)
increased by through increasing the concentrations of the
aminophenol derivatives compounds (1 and 2) as inhibitors.
The factors of causality are found to be near to the data of
theoretical, this indicates that the calculated data are good.
The % IE (inhibition efficiencies) is calculated by through
the Eq. (2):

% IEErpm = 100 x [1 ‘( icorr / iocorr) ] ...... (2)
Where i°%orr iS corrosion current densities without the
inhibitors and i corr is corrosion current densities with the
inhibitors. The protective efficiency showed from the EFM
experiment is in the following order: (2) > (1).

EIS measurements

Fig. 5 shows the Nyquist and Bode plots (a and 2,
respectively) observed from open-circuit potential without
and with the addition of different concentrations of
aminophenol derivatives at 30 £ 1 °C. The increasing in the
value of size of the loop capacitive with the addition of
vloume of aminophenol derivatives compounds (1 and 2) as
inhibitors leading to a barrier progressively forms on the C-
steel surface. The improving in the size of loop capacitive
with regard to the steady inhibitor dose (Fig. 5a), as the
following order: compound (2) > compound (1), indicating
the inhibitive influence of compound (2). Bode curves (Fig.
5b), shows that the increase in impedance by increasing the
concentration of aminophenol derivative compounds [33-
36]. Also Bode curve lead to an increase in the angle phase
of shift, indicating the effect of adsorbed aminophenol
compounds as inhibitors on the surface of C-steel. The
dispersion of frequency is due to the variation from ideal
semicircle [37]. Fig. S1 appear a transfer reaction of single
charge and which fits well with previously mentioned of data
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experimental. Equation 3 was used for measuring Cai of a
circuit containing a CPE parameters (n and Yo) [38]:

Ca= Yoo™ /sin[h @2) ]...... €)]
whereYo is the magnitude of the CPE, fmax is the frequency
at which the imaginary component of the impedance is
maximal and o is the 2nfmax. The curves of Nyquist for the
corrosion process were fundamentally controlled on
charged-transfer [39]. EIS data in Table 3 showed that the
Rct data increased and the Ca data decreased by through
increasing the concentrations of aminophenol derivatives
compounds (1 and 2) as inhibitors. This is attributed to the
gradual water molecules by the adsorption of the molecules
of aminophenol derivatives compounds (1 and 2) as
replacement of inhibitors on the surface of C- steel, lowering
the extent of reaction of dissolution. The increased values of
Ret, are generally, combine with lower corroding system,
while the lower values of Cai can be obtained from the low
of the constant of local dielectric and /or from the increase
of electrical double layer thickness [40]. It seems that the
aminophenol compounds (1 and 2) inhibitors molecules
function by through adsorption in the solution/ interface of
the metal.

The % E inhibition efficiency is measured by using the
equation (4) [8,41]:

% E =100 % 0=[1-(R:v/Rc)] ...... 4)
where, Rt is the charge transfer resistance in the absence of
inhibitor and Ret is the charge transfer resistance in the
presence of inhibitor. The order of the values of % E
inhibition efficiency of the investigated aminophenol
derivatives compounds (1 and 2) is the same as in the
measurements of Tafel polarization (2 >1).

SEM investigation and EDX analysis

SEM images of C-steel are shown in Fig. S2 (before and
after corrosion). SEM images give a variation between the
microstructures of surface on C-steel in 2 M HCI before
corrosion step and after corrosion step with and without of
11 x 10 M of aminophenol derivatives compounds

(1 and 2) as inhibitors (1 and 2) (Table 4). The images of
SEM show that the addition of aminophenol derivatives
compounds (1 and 2) as inhibitors to HCI has important
effect on the morphology of C-steel. The protective film of
inhibitor at the electrode surface was further confirmed by
SEM images of the metal surface. As well, both the
experiments of SEM and EDX were used to study the images
of morphological for surface of C-steel exposed to the 2
Molar HCI solution with and without the addition of the
aminophenol derivatives compounds which optimum
concentration (Figs. S2 and 6, respectively). There was a
remarkable improvement in the morphology of the surface
of C-steel when treated with the inhibitor attributed to the
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formation of an adsorbed protective film at the sample
surface of the inhibitor. Or, it may be because of the
involvement of the molecules of inhibitor in the interaction
with the reaction sites of surface of C-steel, this resulting in
a decrease in the connect between C-steel and sequentially
exhibited perfect inhibition effect and the aggressive
medium [42].

The EDX spectra (Figure 6) were used to calculate the
elements present on the surface of C-steel. The presence of
a nitrogen atoms and carbon atoms in the spectra of EDX for
the surface of C-steel due to the samples immersed in
solutions containing the 11x10 Molar of the aminophenol
derivatives compounds (1 and 2) as inhibitors for three days,
indicates that the molecules of aminophenol derivatives
compounds (1 and 2) are adsorbed on the of C-steel surface
and protecting it against the corrosion..

Mechanism of Inhibition of Corrosion

From electrochemical techniques, it was found that the
inhibition efficiency of C-steel in 2M HCI solution in
presence of aminophenol derivatives compounds (1 and 2)
depends on concentration, nature of metal, the mode of
adsorption of the inhibitors and surface conditions. There is
a decrease of the corrosion rate and corrosion current with
increasing in concentration of the inhibitors. In addition, the
shift in Tafel lines to higher potential regions was observed.
Therefore, it seems that the % inhibition efficiency depends
on the number of active centers of adsorption at the electrode
solution interface in the molecule depends on the affinity of
the metal towards the n-electron clouds of the ring system
and their charge density. Polar character of substituents in
the changing part of the inhibitor molecule seems to have a
prominent effect on the electron charge density of the
molecule. The transfer ormotion of lone pairs of electrons on
the nitrogen atoms to the C-steel surface to form a coordinate
type of linkage is favored by the presence of a vacant orbital
in iron atom of low energy. C and Fe metals have a greater
affinity towards aromatic moieties were found to adsorb
benzene rings in a flat orientation. The order of decreasing
the inhibition efficiency of the investigated aminophenol
inhibitors in the corrosive solution was as follows:
compound (2) > compound (1). Excellent inhibition
efficiency is found in compound (2) than compound (1) due
to its larger molecular size (323 and 293, respectively) which
facilitate better surface coverage and larger molecular area.
Apart from this it was found that the adsorption occurs
through seven active atoms centers where 2 oxygen atoms
and 5 nitrogen atoms in compound (2), while compound (1)
was found to possess less inhibition efficiency due to its
eight active atoms centers where 4 oxygen atoms, 1 sulphur
atom and 3 nitrogen atoms
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Table 1: The effect of concentration of the compounds (1 and 2) on the corrosion current density (icor), the free corrosion potential (Ec), inhibition efficiency (% IE),
Tafel slopes (Ba & Bc) and degree of surface coverage of the corrosion of C-steel for compounds (1 and 2) in 2 M HCl at 30 + 1 °C.

conc., - Ecorr icore x 107 Bax10” Be x10° 0 % IE
Comp. M. (mV vs. SCE) (A cm?) (MV dec?) (MV dec?)
Blank Blank 487 8.18 124.2 1259 — e
1x10°6 484 6.46 126.0 89.5 0.210 21.0
3x10° 465 5.94 37.8 30.7 0.273 27.3
1) 5x10° 440 5.57 81.0 92.9 0.319 319
7x10°6 452 5.20 95.4 69.9 0.364 36.4
9x10 441 5.04 108.3 87.0 0.383 38.3
11x10® 431 4,50 86.8 145.4 0.449 44.9
1x10°® 446 4.43 81.1 105.5 0.458 45.8
3x10° 464 431 184.9 1779 0.473 47.3
) 5x10® 453 1.91 206.0 127.0 0.766 76.6
7x106 438 1.88 47.1 46.6 0.770 77.0
9x10 449 1.12 36.7 30.5 0.863 86.3
11x10® 473 1.04 125.9 239.5 0.872 87.2

Table 2: Electrochemical kinetic parameters obtained by EFM technique for C- steel in 2 M HCI without and with various concentrations of investigated compounds

at30+1°C.

Conc., icorr pa x 10-3 pc x 10-3

Comp. (nA CF-2 CF-3 CR 0 %IE
M. (mV dec-1) (mV dec-1) '
cm-2)

Blank Blank 520.4 90.74 112.2 1.93 3.01 2378 - e
1x10-6 257.4 27.00 314 2.19 3.06 117.6 0.505 50.5
1) 3x10-6 257.0 28.12 29.7 1.79 3.08 117.4 0.506 50.6
5 x10-6 256.4 28.06 29.5 1.76 3.04 117.2 0.507 50.7
7x10-6 252.0 27.37 28.7 1.95 3.30 115.2 0.516 51.6
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9x10-6 2473 26.57 279 1.93 3.07 113.0 0.525 525
11x10-6 2437 26.02 273 191 3.15 111.4 0.532 53.2
1x10-6 243.0 25.51 21.7 1.85 3.02 111.2 0.533 53.3
3x10-6 242.0 25.45 27.6 1.80 314 111.0 0.534 534
) 5 x10-6 240.7 25.42 26.8 1.92 3.05 110.0 0.537 53.7
7x10-6 239.3 25.39 26.4 1.93 2.83 109.4 0.540 54.0
9x10-6 199.2 97.85 104.1 2.03 3.04 91.0 0.617 61.7
11x10-6 119.9 89.48 95.0 1.99 3.15 54.8 0.769 76.9

Table 3: Electrochemical kinetic parameters obtained from EIS technique for C- steel in 2 M HCI in the absence and presence
of different concentrations of investigated compounds at 30+ 1 °C

Conc., Rs Yo x10° Rt Cai x10™
Nxio° 0 %IE
Comp. M. (Q cm?) (nQ's" (Q cm?) (WFecm™?)
Blank 612.8 638.7 878.7 10.82 831 e s
1x10°6 817.5 313.7 863.5 15.57 8.08 0.305 30.5
3x10°® 797.3 178.0 761.8 16.33 6.10 0.337 33.7
5x10® 653.0 166.4 779.4 17.37 5.88 0.377 37.7
1)
7x10°6 824.0 975.1 829.7 18.89 4.29 0.427 42.7
9x10°® 744.8 726.1 876.3 20.82 4.01 0.480 48.0
11x10° 210.4 202.7 760.3 29.26 3.21 0.630 63.0
1x10°6 644.5 403.3 893.0 32.25 2.39 0.664 66.4
3x10°® 791.0 319.0 880.3 41.44 181 0.739 73.9
5x10® 738.9 327.7 874.6 49.00 1.77 0.779 77.9
2
7x10°¢ 732.2 286.9 856.1 95.86 1.56 0.887 88.7
9x10°® 825.5 243.1 863.7 101.0 1.36 0.893 89.3
11x10° 687.4 128.7 896.8 136.7 1.35 0.921 92.1
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Table 4
Surface composition (weight %) of C-steel for compounds (1 and 2) without and in presence inhibitor of 11x 10 -° M in 2 M HCI solution after
immersion for 3 days.

(Mass %) | C | ¢ Y | Si | ¢ | Mn | Fe | Tb
Pure Sample 6.78 - 0.29 0.28 0.22 0.47 87.53 4.43
Blank 8.67 17.84 - - - 0.39 68,85 4.25
Compound (1) 10.48 13.40 030 022 018 0.41 70.90 411
Compound (2) 12.03 833 L L L 0.41 74.87 4.36

Antimicrobial activity of the compounds

Antibacterial and antifungal activities of aminophenol
derivatives compounds (1 and 2) were tested against three
local  gram-positive  bacteria  (Bacillus  subtilis,
Staphylococcus aureus and Bacillus cereus) and four local
gram-negative bacteria (Klebsiella pneumoniae, Escherichia
coli, Pseudomonas sp. and Enterobacter sp.) as well as
antifungal activities were determined against Fusarium
oxysporum, Aspergillus niger and Candida albicans and the
results were recorded in Tables 5 and 6 and shown in Figs.
7, 8 and S3. Aminophenol derivatives compounds (1 and 2)
have no antibacterial activity against Bacillus cereus. Also
compound (1) has no antibacterial activity against
Enterobacter sp. and compound (2) has no antibacterial
activity against Escherichia coli. The compound (2) has
antibacterial activity against Bacillus subtilis (inhibition
zone = 15, 18 and 20 mm at concentrations = 50, 100 and
150 pg/ml, respectively) and the compound (1) has
antibacterial activity against Bacillus subtilis (inhibition
zone = 11, 15 and 17 mm at concentrations = 50, 100 and
150 pg/ml, respectively). The compound (2) has
antibacterial activity against Staphylococcus aureus
(inhibition zone = 17, 19 and 22 mm at concentrations = 50,
100 and 150 pg/ml,) and the compound (1) has antibacterial
activity against Staphylococcus aureus (inhibition zone =
15, 18 and 21 mm at concentrations = 50, 100 and 150 pg/ml,
respectively) as shown in Fig. 4. The compound (2) has no
antibacterial activity against Escherichia coli but compound
(1) has antibacterial activity against Escherichia coli
(inhibition zone = 11, 14 and 16 mm at concentrations = 50,
100 and 150 pg/ml, respectively). The compound (2) has
antibacterial activity against Klebsiella pneumoniae
(inhibition zone = 7, 13 and 20 mm at concentrations = 50,
100 and 150 pg/ml, respectively) and the compound (1) has
antibacterial activity against Klebsiella pneumoniae
(inhibition zone = 15, 18 and 23 mm at concentrations = 50,
100 and 150 pg/ml, respectively) as shown in Fig. S5. The
compound (2) has antibacterial activity against
Pseudomonas sp. (inhibition zone = 14, 18 and 20 mm at
concentrations = 50, 100 and 150 pg/ml,) and the compound
(1) has antibacterial activity against Pseudomonas sp.
(inhibition zone = 21, 25 and 27 mm at concentrations = 50,
100 and 150 pg/ml, respectively) as shown in Fig. S6. The
compound (1) has no antibacterial activity against
Enterobacter sp. but compound (2) has antibacterial activity
against Enterobacter sp. (inhibition zone =8, 11 and 15 mm
at concentrations = 50, 100 and 150 pg/ml, respectively).

The results showed that the compound (2) is very good
antibacterial agents against Bacillus subtilis and
Staphylococcus aureus (Table 5). The compound (2) is more
active than the compound (1) and penicillin G against
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Bacillus subtilis and Staphylococcus aureus (Table 5). As
well as it was found that the compound (2) is more active
than penicillin G which is used as the antibacterial standard
drug against Enterobacter sp. and Klebsiella pneumoniae.
The tested compound (2) showed very good antibacterial
activity in comparison with penicillin G. Azo dye
compounds usually showed antibacterial activities [13, 43-
45].

The antifungal activity results of the aminophenol
derivatives compounds (1 and 2) were investigated against
Fusarium oxysporum, Aspergillus niger and Candida
albicans and listed in Table 6. It was found that the
compound (2) has neither antifungal nor anticandidal
activities but the compound (1) has antifungal activity
against Aspergillus niger (inhibition zone = 10, 15 and 21
mm at concentrations = 50 100 and 150 pg/ml, respectively),
Fusarium oxysporum (inhibition zone = 13 and 18 mm at
concentrations = 100 and 150 pg/ml, respectively) [12,46]
and against Candida albicans (inhibition zone = 9, 14 and
18 mm at concentrations = 50, 100 and 150 pg/ml,
respectively).

Molecular docking of the compoundsThe aminophenol
derivatives compounds (1 and 2) generally bound to the
receptors with higher affinity than their original
compounds (1 and 2) (Tables 7 and 8). The molecular
docking was used to reveal the interacting active residues
with receptors, which was endorsed to interlink with
phytochemical by the energies and interact surface area size
[8,9,47-51]. The present results obtained from data showed
that the molecular interactions of aminophenol derivatives
compounds (1 and 2) with Staphylococcus aureus (3q8u)
and Escherichia coli (3t88) as shown in Figs. 9 and 10 were
mentioned in Tables 7 and 8, which indicates specific bonds
and atoms involved in the docking.

The results of the molecular docking between aminophenol
derivatives compounds (1 and 2) and receptors of
Staphylococcus aureus (3g8u) and Escherichia coli (3t88)
showed a possible arrangement between aminophenol
derivatives compounds (1 and 2) and S. aureus (3g8u)
receptor. The docking study showed a favorable interaction
between aminophenol derivatives compounds (1 and 2) and
the receptors as shown in Figs. S7 and S8 and the calculated
energy is listed in Tables 7 and 8. According to the results
obtained in this study, HB plot curve indicates that the
aminophenol derivatives compounds (1 and 2) binds to the
proteins with hydrogen bond interactions and decomposed
interaction energies in kcal/mol were exist between
aminophenol derivatives compounds (1 and 2) with S.
aureus (3q8u) and E. coli (3t88) receptors as appear in
Figure S9 and Figure S10 which showed curves of 2D of
docking with aminophenol derivatives compounds (1-2).
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The compound (2) showed best interaction with
Staphylococcus aureus (3g8u) receptor than the compound

().

Table 5: Antibacterial activities of the aminophenol derivatives compounds (1 and 2) in comparison with benzylpenicillin (penicillin G) as a standard
drug. *The diameter of zones of inhibition (mm)

Gram-positive bacteria Gram-negative bacteria
Concentration(
Compound /mL)
Hg Bacillus Bacillus Staphylococcus Escherichia Klebsiella Pseudomonas  Enterobacter
cereus subtilis aureus coli pneumoniae sp. sp.
) 50 -ve 11+0 15+0 11+0.03 15+0 21+0 -ve
100 -ve 15+0 18 £ 0.03 14 +0.03 18+0 25+0.03 -ve
150 -ve 17 +£0.03 21+0 16 +0 23+0 27+0 -ve
50 -ve 15+0 17+0 -ve 70 14 +0.03 8+0
@ 100 ve 18+0.03 1940 ve 1340 18+0.14 1140
150 -ve 20+0.03 22 £0.03 -ve 20+0 20+0 15+0
50 11+0 15+0 10+0 37+0 -ve 12+0 -ve
Penicillin 100 13+0.03 16+0 11+0 40+ 0.06 -ve 15+0.06 -ve
G 150 16 +0.03 17+0 16 +0.03 42+0 -ve 22+0 -ve
—+—Blank
054 | - 1100w !
0By
o ||--sa0bu
9 00f| - maodu
G ——ox100w
> 5
X107 M
>
£
<
w

-2
o (mA cm)

Fig. 3. Curves of potentiodynamic polarization of the corrosion of carbon steel in the absence and presence of
different concentrations of compound (1) in2 M HCl at 30 + 1 °C.
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Fig. 5. (a) Plot of Nyquist and (b) plot of Bode of C- steel in absence and presence of different concentrations
of compound (1) in2 M HCl at 30 + 1 °C.
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Fig. 6. EDS analysis of C-steel for compounds (1 and 2) without and in presence inhibitor of 11x 10 *M in2 M
HCI solution after immersion for 3 days.
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Table 6: Antifungal activities of the aminophenol derivatives compounds (1 and 2) in comparison with miconazole as a standard
drug. *The diameter of zones of inhibition (mm).

Compound Concentration pg/mL)( . . Fusarium . .
Aspergillus niger oxysporum Candida albicans
50 10+0.03 -ve 9+0.03
1) 100 15+0 13+0.03 14+0
150 21+0 18 +0.03 18+0
@ 50 -ve -ve -ve
100 -ve -ve -ve
150 -ve -ve -ve
Miconazole 50 11+£0.03 110 10+0
100 13+0 13 +0.06 12+0
150 17 +£0.06 14 +0.06 16 +£0.06

Table 7: The values of energy obtained in docking calculations of aminophenol derivatives compounds (1 and 2) with receptor of
Staphylococcus aureus (3q8u).

Est. Free Energy of I vdW+ bond+ .
Binding (kcal/mol) Est. inhibition desolv Electrostatic Total intercooled Interact
Compound constant (K;) Energy
energy Energy (kcal/mol) surface
(uM) (kcal/mol) (kcal/mol)
@ -4.96 232.41 -6.15 -0.11 -6.26 607.150
) -4.98 225.29 -6.51 -0.14 -6.65 676.888

Table 8: The values of energy obtained in docking calculations of aminophenol derivatives compounds (1 and 2) with receptor of Escherichia

coli (3t88).
Est. Free Energy of S vdW+ bond+ .
Binding (kcal/mol) Est. inhibition desolv Electrostatic Total intercooled Interact
Compound constant (Kj) keal/mol Energy »
(M) energy Energy (kcal/mol) (kcal/mol) surface
(kcal/mol)
(1) -4.70 298.26 -6.13 -0.07 -6.20 681.133
) -4.81 360.44 -6.15 +0.00 -6.14 721.934
Bacillus cereus i Entevobodtersp.  Escherici col
Stophylococcus aureus S150,g/nl Baa:]w J:Iw ”’;m » osstygnl  Soggnl i
i = ek Pl ® 1mm r 100pg/ml
Amm t4mm
Escherihio colf

[ ts0pgfnl
16mm

Pseudomonas sp.
50pg/ml

Amm

Stophylococcus aureus _ ; 18mm
Klebsiello poeumonioe
50 ug/ml Soyglnl
15mm Bmm

Fig. 7. Antibacterial activity data of compound (1) against gram-positive bacteria (Bacillus subtilis, Staphylococcus aureus and Bacillus

cereus) and gram-negative bacteria (Klebsiella pneumoniae, Escherichia coli, Pseudomonas sp. and Enterobacter sp.).
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Fig. 8. Antibacterial activity data of compound (2) against gram-positive bacteria (Bacillus subtilis, Staphylococcus aureus and Bacillus

cereus) and gram-negative bacteria (Klebsiella pneumoniae, Escherichia coli, Pseudomonas sp. and Enterobacter sp.).
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Compound (2)

Fig. 9. The compounds (1 and 2) (green in (a) and gray in (b)) in interaction with receptor of Staphylococcus
aureus (3q8u).

Compound (1)
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Compound (2)

Fig. 10. The compounds (1 and 2) (green in (a) and gray in (b)) in interaction with receptor of Escherichia coli
(3t88).

Conclusion

= The inhibition effect of newly synthesized
aminophenol derivatives (1 and 2) on C-steel in (2
M HCI) acidic medium were investigated by
several electrochemical techniques

= The inhibitive efficiency of C-steel depends on
the nature and type of the inhibitor molecule.

= EFM was used as a rapid and nondestructive technique
for corrosion measurements.

=  The results of EIS revealed an increase in the charge
transfer resistance and the decrease in double layer
capacitances using EIS technique when the inhibitor is
added gave an increase in % IE attributed to the
increase of the thickness of the electrical double layer.

=  Potentiodynamic polarization technique indicated that
the investigated derivatives are mixed-type inhibitors.

= SEM-EDX images and analyses obtained in the
presence of synthesized aminophenol derivatives (1
and 2) revealed the formation of thin film on the surface
of C-steel.

= All electrochemical measurements were in good
agreement.

= The order of % IE of these investigated compounds
obey the following order: compound (2) > compound
).

=  The compound (2) showed best interaction with
Staphylococcus aureus (3q8u) receptor than the
compound (1).

= The results showed that the compound (2) is very good
antibacterial agents against Bacillus subtilis and
Staphylococcus aureus. The compound (2) is more
active than the compound (1) and penicillin G against
Bacillus subtilis and Staphylococcus aureus. It was

Egypt. J. Chem. 64, No. 2 (2021)

found that the compound (2) is more active than
penicillin G which is used as the antibacterial standard
drug against Enterobacter sp. and Klebsiella
pneumoniae.
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