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The protection influence of 8-hydroxy-7-quinolinecarboxaldehyde derivatives against C-steel corrosion
was studied in 2 mol-L~! HCl solutions at 30 °C. Measurements were conducted under various experimen-
tal conditions using weight loss, potentiodynamic polarization, electrochemical impedance spectroscopy
(EIS) and electrochemical frequency modulation (EFM) techniques. These studies have shown that 8-
hydroxy-7-quinolinecarboxaldehyde derivatives are very good “green”, mixed-type inhibitors. Corrosion
rates obtained from both EFM and EIS methods are comparable with those recorded using Tafel extrapolation

gf‘g{?,/grrg;,_7_quinolmecarboxaldehyde method, confirming validation of corrosion rates measured by the latter. The inhibitive action of these 8-
derivatives hydroxy-7-quinolinecarboxaldehyde derivatives was discussed in terms of blocking the electrode surface by ad-
C-steel sorption of the molecules through the active centers contained in their structures following Langmuir adsorption
HCl isotherm. Quantum chemical method was also employed to explore the relationship between the inhibitor mo-
EFM lecular properties and its protection efficiency.

© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.

1. Introduction

Carbon steel has been extensively used under different conditions
in petroleum industries [1]. Aqueous solutions of acids are among
the most corrosive media and are widely used in industries for
pickling, acid cleaning of boilers and oil well [2-6]. The main problem
concerning C-steel applications is its relatively low corrosion resistance
in acidic solution. Several methods were used currently to reduce
corrosion of C-steel. One of such methods is the use of organic inhibitors
[7-11]. The effect of aniline compounds, on the corrosion of mild steel
in HCl has been studied [12]. Effective inhibitors are heterocyclic
compounds that have n bonds, heteroatoms such as sulfur, oxygen
or nitrogen and the sites of these elements are considered as chemisorp-
tion center [13]. These elements possess higher electron density and are
called as electroactive groups. The electron density on these centers is
the direct measure of IE of the inhibitor [14]. These molecules depend
mainly on certain physical properties of the inhibitor molecules
such as functional groups, steric factors, electron density at the donor
atom and electronic structure of the molecules [15,16]. Regarding
the adsorption of the inhibitor on the metal surface, two types of
interactions are responsible. One is physical adsorption which involves
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electrostatic force between ionic charges or dipoles of the adsorbed
species and electric charge at metal/solution interface. Other is chemical
adsorption, which involves charge sharing or charge transfer from
inhibitor molecules to the metal surface to form coordinated types
of bonds [17]. The selection of appropriate inhibitors mainly depends
on the type of acid, its concentration, and temperature. The influence
of such quinolines and their derivatives (N-heterocyclic compounds)
on the corrosion of mild steel in acidic solution has been mentioned
by many authors [18-22]. Although some Schiff base quinoline
derivatives have been reported as corrosion inhibitors for steel in acidic
medium [20-22], no work to the best of our knowledge has been
documented on the corrosion inhibition potentials of azo quinoline
derivatives.

The objective of the present investigation is to study the corrosion
inhibition of C-steel in 2 mol-L~! HCl using 8-hydroxy-7-
quinolinecarboxaldehyde derivatives and to propose a suitable
mechanism for the inhibition process. It was also the purpose of the
present work to discuss the relationship between quantum chemical
calculations and experimental protection efficiencies of the tested
8-hydroxy-7-quinolinecarboxaldehyde derivatives by determining
various quantum chemical parameters. These parameters include the
highest occupied molecular orbital (Ejomo) and the lowest
unoccupied molecular orbital (Eymo), the energy difference (AE)
between Exomo and Erumo-
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2. Experimental

2.1. Composition of material samples

Table 1

Chemical composition of the C-steel in weight %
Element C Mn P Si Fe
Weight/% 0.200 0.350 0.024 0.003 rest

2.2. Chemicals and solutions

Hydrochloric acid (37%), ethyl alcohol was purchased from
Al-gomhoria Company. Bidistilled water was used throughout all the
experiments.

The organic inhibitors used in this study were some 8-hydroxy-7-
quinolinecarboxaldehyde derivatives, listed in Table 2.

Table 2
Chemical structure, names, molecular weights and molecular formula of inhibitors
Compound  Structure Empirical Molecular
formula weight
= Ci7H13N30,  291.31
HL, \ /'
N=N N
H
=0
CHj
(5-(4’-Methylphenylazo)-8-hydroxy-
7-quinolinecarboxaldehyde)
= Ci6H1iN3O,  277.28
HL, \ /'
N =l N
H
=0
(5-(Phenylazo)-8-hydroxy-
7-quinolinecarboxaldehyde)
= CigH10N4O4 32228
HL; \ /'
N= N
H
=0
NO,

(5-(4’-Nitrophenylazo)-8-hydroxy
-7-quinolinecarboxaldehyde)

8-Hydroxy-7-quinolinecarboxaldehyde was prepared according to
El-Sonbati and El-Bindary [23]. 8-Hydroxy-7-quinolinecarboxaldehyde
(HL,) was prepared according to El-sonbati et al. [24,25]. As following,
azo dye ligands (HL,) were prepared from aniline or its p-substituted
derivatives (10 mmol) were dissolved in hydrochloric acid
(20 mmol/25 ml distilled H,0). The hydrochloric compound was
diazotized below 0-5 °C with a solution of sodium nitrite (0.8 g,
10 mmol, 30 ml distilled H,0). The diazonium chloride was coupled
with an alkaline solution of oxine (1.7 g, 10 mmol) in 20 ml of pyridine.
The crude dye was collected by filtration and was crystallized from DMF,
then dried in a vacuum desiccator over P,0s.

2.3. Methods

2.3.1. Mass loss measurements

Rectangular specimens of C-steel with dimensions 2.1 cm x 2.0 cm x
0.2 cm were abraded with different grades of emery paper, degreased
with acetone, rinsed with bidistilled water and dried between filter

papers. After weighting accurately, the specimens were immersed in
100 ml of 2 mol-L~! HCl with and without different concentrations of
inhibitors at 30 °C. After different immersion periods, the C-steel sam-
ples were taken out, washed with bidistilled water, dried and weighted
again. The mass loss values are used to calculate the corrosion rate (R) in
mm-a~ ! by Eq. (1):

R= (mass loss in gram x 8.75 x 104) /DAT (1)

where D is the Fe density in g-cm ™3, A is the exposed area in cm?; T s
exposure time in hour. The inhibition efficiency (IE) and the degree of
surface coverage () were calculated from Eq. (2):

IE = 6 x 100 = [(R*—R)/R"] x 100% )

where R* and R are the corrosion rates of C-steel in the absence and in
the presence of inhibitor, respectively.

2.3.2. Electrochemical measurements

Electrochemical measurements were conducted in a conventional
three electrodes thermostated cell assembly using a Gamry
potentiostat/galvanostat/ZRA (model PCI300/4). A platinum foil and
saturated calomel electrode (SCE) were used as counter and reference
electrodes, respectively. The C-steel electrodes were 1 cm x 1 cm and
were welded from one side to a copper wire used for electrical connec-
tion. The electrodes were abraded, degreased and rinsed as described
in weight loss measurements. All experiments were carried out at
temperature (30 &+ 1) °C. The potentiodynamic curves were recorded
from — 500 to 500 mV at a scan rate 1 mV-s™ ! after the steady state
is reached (30 min) and the open circuit potential (OCP) was noted.
The IE and degree of surface coverage were calculated from Eq. (3):

IE =0 x 100 = [1 - (ioml.r/icm)] x 100% 3)

where i®,; and i are the corrosion current densities of uninhibited
and inhibited solution, respectively.

Electrochemical impedance spectroscopy (EIS) and electrochemical
frequency modulation (EFM) experiments were carried out using the
same instrument as before with a Gamry framework system based on
ESA400. Gamry applications include software EIS300 for EIS measure-
ments and EFM140 for EFM measurements; computer was used for
collecting data. Echem Analyst 5.5 Software was used for plotting,
graphing and fitting data. EIS measurements were carried out in a
frequency range of 100 kHz to 10 mHz with amplitude of 5 mV peak-
to-peak using ac signals at respective corrosion potential. EFM carried
out using two frequencies 2 and 5 Hz. The base frequency was 1 Hz. In
this study, we use a perturbation signal with amplitude of 10 mV for
both perturbation frequencies of 2 and 5 Hz.

2.3.3. Theoretical study

The molecular structures of the investigated compounds were
optimized initially with PM3 semiempirical method so as to speed up
the calculations. The resulting optimized structures were fully re-
optimized using an initio Hartree-Fock (HF) with 6-31G basis set. The
molecules were built with the Gauss View 3.09 and optimized using
Gaussian 03 W program [25].

3. Results and Discussion
3.1. Mass loss measurements

Fig. 1 shows the mass loss-time curves for the corrosion of C-steel in
2 mol-L~ ! HCl in the absence and presence of different concentrations
of compound (HL;). Similar curves for other compounds were obtained
(not shown). The data of Table 3 show that, the inhibition efficiency
increases with increase in inhibitor concentration from 1 x 10~ to
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Fig. 1. Weight loss-time curves for C-steel dissolution in 2 mol-L~! HCl in the absence and
presence of different concentrations of compound (HL;) at (30 & 1) °C.

Table 3

Variation of inhibition efficiency (IE) of different compounds with their molar concen-
trations from mass loss measurements at 120 min immersion in 2 mol-L~! HCl at
(30 £ 1)°C

Conc./mol-L™! Inhibition efficiency (IE)

HL, HL, HL;
1x107° 46.7 32 24,6
3x107°¢ 55.1 394 30.5
5x107° 59.1 46.7 384
7x107¢ 68.1 57.6 44,7
9% 10~ 82.9 70.2 60.7
11x107° 87.6 78.9 72.6

11x 10~%mol-L~ . The maximum inhibition efficiency was achieved at
11 x 1078 mol-L™!; therefore IE tends to decrease in the following
order:

Compound (HL;) > compound (HL;) > compound (HL3).

3.1.1. Adsorption isotherm

The adsorption isotherms are considered to describe the interactions
of the inhibitor molecule with the active sites on the metal surface [26].
Attempts were made to fit © values to various isotherms including
Frumkin, Langmuir, Temkin, and Freundlich. The results were best fitted
by far by the Langmuir adsorption isotherm which has the following
equation [27,28]:

C/6 =1/Kus+C 4)

where C is the concentration of inhibitor; K,4s is the adsorptive
equilibrium constant; and 6 is the surface coverage of 8-hydroxy-7-
quinolinecarboxaldehyde derivatives on carbon steel, which can be
calculated by the ratio of IE/100 for different inhibitors concentrations
[29]. Fig. 2 show the straight lines of C/6 vs. C at (30 °C). The linear
correlation coefficients (0.926), (0.85851) and (0.7017) at 30 °C

i L] HL1
18x10°4 o HL,
A HL,
1.5x10° _A
[ )
1.2x10° "
o
© g0x10°
6.0x10°
HL, R*= 0.926, slope= 1.00186, Intercept= 2.27646x10°
3.0x10° HL, R’= 0.85851, slope= 1.01671, Intercept= 3.95969x10°®
L] HL, R*=0.7017, slope= 1.04286, Intercept= 5.83505x10°
0.0 2.0;105 4.(»:106 6.0):10'5 8.0)2105 1.0;10'5 1.2;10'5
C/mol-L"’

Fig. 2. Curve fitting of corrosion data for C-steel surface in hydrochloric acid in presence
of different concentrations of organic additives to the Langmuir adsorption isotherm at
(30 £ 1)°C.

are almost equal to 1 and the slopes (1.0018), (1.016) and (1.042) at
30 °C are close to 1, which confirms the assumption that the adsorption
of 8-hydroxy-7-quinolinecarboxaldehyde derivative compounds on the
carbon steel surface obeys Langmuir adsorption isotherm. The adsorp-
tive equilibrium constants at T (30 °C) namely K are (4.39 x 10°),
(2.53 x 10°) and (1.71 x 10°) L-mol ™, respectively.

The standard adsorption free energy (AG®,4s) can be obtained
according to the following equation [30,31].

Kags = 1/55.5 exp (—AGeads /RT> (5)

The negative values of AG®,qs (Table 4) suggest that the adsorption
of 8-hydroxy-7-quinolinecarboxaldehyde derivatives on the carbon
steel surface is spontaneous. Generally, the values of AG®,4s around
or less than — 20 kJ-mol ! are associated with the electrostatic interac-
tion between charged molecules and the charged metal surface
(physisorption); while those around or higher than —40 kj-mol ™!
mean charge sharing or transfer from the inhibitor molecules to the
metal surface to form a coordinate type of metal bond (chemisorption)
[32]. The values of AG®,q4s obtained were approximately equal to
(42.85-40.48) kJ-mol ™!, indicating that the adsorption mechanism of
these investigated 8-hydroxy-7-quinolinecarboxaldehyde derivatives
on C-steel in 2 mol-L™! HCl solution involves both electrostatic adsorp-
tion and chemisorptions [33,34]. The thermodynamic parameters point
towards both physisorption (minor contributor) and chemisorptions
(major contributor) of the inhibitors onto the metal surface. The K,q4s
follows the same trend in the sense that large values of K,4s imply
better more efficient adsorption and hence better inhibition efficiency.

Table 4

Binding constant (K) and free energy of adsorption (AG®,qs) of inhibitors with their molar
concentrations at (30 £ 1)°C from mass loss measurements at 120 min immersion in
2 mol-L~ T HCl

Compound Kx10° — AG® 45/K]-mol !
HL, 439 42.85
HL, 2.53 41.46
HL;3 1.71 40.48

3.1.2. Effect of temperature
The activation energies (E*,) for the corrosion of C-steel in the
absence and presence of different concentrations of 8-hydroxy-7-
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quinolinecarboxaldehyde derivatives were calculated using Arrhenius-
type Eq. [35]:

logk = log A—E*,/2.303RT (6)

where A is the pre-exponential factor, k is the rate constant, E*, is the
apparent activation energy of the corrosion process, R is the universal
gas constant and T is the absolute temperature. Arrhenius plots of log
k vs. 1/T for C-steel in 2 mol-L™! HCl in the absence and presence of
different concentrations of inhibitor (HL;) are shown graphically in
Fig. 3. The variation of log k vs. 1/T is a linear one and the values of E*,
were calculated from the slope of these lines and given in Table 5. The
increase in E*, with the addition of concentration of inhibitors (HL,-
HL3) indicating that the energy barrier for the corrosion reaction
increases. It is also indicated that the whole process is controlled by
surface reaction, since the activation energy of the corrosion process is
larger than 20 kj-mol~ 1.

M Blank \‘\\
® 1x10*molL’
2.0 - | A 3x10°molL’ \\
W 5x10°molL”
@ 7x10°molL’
1| « 9x10°morL?
11x10*“mol-L"
-2.2 T T T T T T T T T |
3.12 3.16 3.20 3.24 3.28 3.32
T'x10%K!

Fig. 3. Arrhenius plots (Ig k vs. 1/T) for corrosion of C-steel surface in hydrochloric acid in
the absence and presence of different concentrations of compound (HL;).

Enthalpy and entropy of activation (AH*, AS™) for the corrosion of
C-steel in 2 mol-L™! HCI were obtained by applying the transition
state Eq. (7):

k = (RT/Nh) exp (AS"/R) exp (—AH"/RT) (7)

where h is the Planck's constant, N is the Avogadro's number. A plot
of log k/T vs 1/T also gave straight lines as shown in Fig. 4 for C-steel
dissolution in 2 mol-L™ 1 HCl in the absence and presence of different
concentrations of inhibitor (HL;). The slopes of these lines equal
— AH*/2.303R and the intercept equals logRT/Nh + (AS*/2.303R)
from which the value of AH* and AS* was calculated and tabulated
in Table 5. From these results, it is clear that the presence of the test-
ed compounds increased the activation energy values and conse-
quently decreased the corrosion rate of the C-steel. These results
indicate that these tested compounds acted as inhibitors through in-
creasing activation energy of C-steel dissolution by making a barrier

Table 5
Thermodynamic activation parameters for the dissolution of C-steel surface in hydrochlo-
ric acid in the absence and presence of different concentrations of investigated compounds

Compound  Conc./mol-L™'  E;*/k]-mol~!  AH*/kJ-mol~! —AS*/J-mol~"

Blank - 25.42 22.84 299.83

HL, 1x107¢ 28.68 26.10 194.62
3x107° 29.13 26.55 190.63
5x107° 30.30 27.02 180.72
7x1076 30.91 28.33 172.04
9x107° 34.65 32.06 170.49
11x1076 34.93 31.95 169.73

HL, 1x107° 28.49 2591 195.25
3x107° 29.09 26.41 191.83
5x107° 29.34 26.76 182.34
7x107° 30.39 27.81 173.99
9x107° 32.88 30.30 172.15
11x 1076 34.65 31.07 170.79

HL3 1x107° 18.12 15.94 219.81
3x10°° 20.12 17.54 259.02
5x107° 24.90 1832 261.18
7x107° 25.99 23.41 269.52
9x10~° 27.21 25.63 271.47
11x107° 28.73 26.15 288.51

-3.34

lgk/T

45

Blank
1x10°mol-L"!
3x10°mol-L™"
5x10°mol-L"
7x10° mol-L™
9x10°mol-L"
11x10°mol-L"!

Ao4aronm

4.8

T T T T T T T T 1
312 3.16 3.20 3.24 3.28 3.32

T1x10%K™!

Fig. 4. Plots of (Ig k/T) vs.1/T for corrosion of C-steel surface in hydrochloric acid in the
absence and presence of different concentrations of compound (HL;).

to mass and charge transfer by their adsorption on C-steel surface.
Positive sign of the enthalpies reflects the endothermic nature of
the C-steel dissolution process.

All values of E*, are larger than the analogous values of AH*
indicating that the corrosion process must involved a gaseous reaction,
simply the hydrogen evolution reaction, associated with a decrease in
the total reaction volume [36]. The values of AS™ in the absence and
presence of the tested compounds are large and negative; this indicates
that the activated complex in the rate-determining step represents an
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association rather than dissociation step, meaning that a decrease
in disordering takes place on going from reactants to the activated
complex [37,38].

3.2. Potentiodynamic polarization studies

The cathodic and anodic polarization curves for C-steel in 2 mol-L™!
HCl solution in absence and presence of various concentrations of the
inhibitor (HL,) at (30 4 1)°C are shown in Fig. 5. Similar curves were
obtained for other inhibitors (not shown). The various electrochemical
parameters calculated from Tafel plots are given in Table 6. The lower
corrosion current density (icorr) values in the presence of the inhibitors
without causing significant changes in corrosion potential (Ecor)
suggest that the investigated compounds are mixed type inhibitors
and are adsorbed on the surface thereby blocking the corrosion reaction.

10d —-— Blank. )
— - — 1x10®°mol L~
— « — 3x10®mol 1"
1 — -« — 5x10®mol L™
— « — 7x10®mol 1"
054 — - —9x10°mol L™
—_ o — -6 L -1
w 11x10” mol L
3] J
n
Q
=~ 0.0 -
£
© J
=
c
Q
S .05
e
-1.0 -

-8 -6 -4 -2 0

Fig. 5. Potentiodynamic polarization curves for the corrosion of C-steel surface in
hydrochloric acid in the absence and presence of various concentrations of compound
(HLy) at (30 & 1)°C.

Table 6

The results also show that the slopes of the anodic and the cathodic
Tafel slopes (B, and .) were slightly changed on increasing the
concentration of the tested compounds. This indicates that there is no
change in the mechanism of inhibition in the presence and absence of

400 —
300
. i
£
o
c 200
o
£
N
— = — Blank. \
100 - — - — 1x10 *mol L™
f — « — 3x10 *mol L
— < — 5x10 *mol L
] — = — 7x10 *mol L
; \ “ — « — 9x10 *mol L
0 e — - — 11x10 *mol L
T T T
0 400 800
Zrlocm?
(a)
- 40
1000 - \'\A 120
Q 1 Jo
£ 2
) 1 &en
G &
& 100 3 1% o
2 | - Blank \Q\A N - Z
£ [ 108 morL Y, a0 K
N —-3x10 8 molL" L%
—+—5x106 mol L 1
— 7x108 mol L 160
10 9x10°8 mol-L" R
- 11x10°6 mol L 1
T T T T T T T -80
10?2 10" 10° 10" 10* 10* 10* 10° 10°

Frequency/Hz

(b)

Fig. 6. EIS Nyquist plots (a) and Bode plots (b) for C-steel surface in hydrochloric acid in
the absence and presence of different concentrations of compound (HL;) at (30 & 1)°C.

The effect of concentration of the investigated compounds on the free corrosion potential (Ec,,;), corrosion current density (icor), Tafel slopes (3, & 3¢), inhibition efficiency (IE) and degree

of surface coverage for the corrosion of C-steel surface in hydrochloric acid at (30 & 1)°C

Compound Conc./mol-L™! — Ecorr (vs SCE)/mV icorr X 107 5/uA-cm—2 Bax 1073/mV-dec™’ Bex 1073/mV-dec™! 0 1E/%
HL, Blank 466 9.42 92.7 181.0 - -
1x107¢ 501 1.40 90.9 133.0 0.851 85.1
3x10°6 461 1.16 92.0 179.6 0.877 87.7
5x107¢ 498 1.11 86.5 1246 0.882 88.2
7x107¢ 502 1.09 86.5 120.1 0.884 88.4
9x10°° 480 1.05 106.4 155.4 0.888 88.8
11x10°¢ 497 1.04 89.1 119.7 0.889 88.9
HL, 1x 10 460 1.76 70.2 149.2 0.813 81.3
3x107¢ 472 1.63 36.7 59.0 0.827 82.7
5%x10°¢ 461 1.62 66.2 136.4 0.828 82.8
7x107¢ 434 1.58 385 95.9 0.832 83.2
9x 1078 506 1.54 100.6 150.6 0.836 83.6
11x10°° 460 1.41 62.7 1386 0.850 85.0
HL; 1x107°° 466 9.07 88.0 204.8 0372 3.7
3x107° 466 9.00 93.4 222.1 0.036 3.6
5x 107 502 3.48 425 66.7 0.631 63.1
7x107¢ 466 2.67 48.0 87.3 0.716 71.6
9x 1076 474 2.09 94.0 1416 0.778 77.8
11x10°° 455 1.84 65.2 137.7 0.805 80.5




AM. Eldesoky, S.G. Nozha / Chinese Journal of Chemical Engineering 25 (2017) 1256-1265 1261

inhibitors. The values of 3. are slightly higher than the values of 3,
suggesting a cathodic action of the inhibitor. The higher values of Tafel
slope can be attributed to surface kinetic process rather the diffusion-
controlled process [39,40].

3.3. Electrochemical impedance spectroscopy

The EIS provides important mechanistic and kinetic information for
an electrochemical system under investigation. Fig. 6 shows the Nyquist
(a) and Bode (b) plots obtained at open-circuit potential both in the
absence and presence of increasing concentrations of investigated
compound at (30 £ 1) °C. Nyquist impedance plots exhibits a single
semi-circle shifted along the real impedance (Z;). The Nyquist plots of
compound (HL;) do not yield perfect semicircles as expected from
the theory of EIS, the impedance loops measured are depressed semi-
circles with their centers below the real axis, where the kind of
phenomenon is known as the “dispersing effect” as a result of frequency
dispersion [41] and mass transport resistant [15] as well as electrode
surface heterogeneity resulting from surface roughness, impurities,
dislocations, grain boundaries, adsorption of inhibitors, formation of
porous layers [42-44], etc. so one constant phase element (CPE) is
substituted for the capacitive element, to explain the depression of the
capacitance semi-circle, to give a more accurate fit. Impedance data
are analyzed using the circuit in Fig. 7; in which Rs represents the
electrolyte resistance, R.; represents the charge-transfer resistance and

RIE. m

As |

Solution Resistance

Charge Transfer Resistance

the constant phase element (CPE). According to Hsu and Mansfeld
[45] the correction of capacity to its real values is calculated from

Eq. (8):
Cdl = Yo(wmax)n_1 (8)

where Y, is the CPE coefficient, w.x is the frequency at which the
imaginary part of impedance (—Z;) has a maximum and n is the CPE
exponent (phase shift).

The data obtained from fitted spectra are listed in Table 7. The IE was
calculated from Eq. (9):

IE = (1—Ri) x 100% 9)
Ret

where R and R are the charge-transfer resistances with and without
the inhibitors, respectively.

Data in Table 7 show that the R values are very small compared to
the R values. Also, the R, values increase and the calculated Cy; values
decrease by increasing the inhibitor concentrations, which causes an
increase of 6 and Y;. The high R values are generally associated with
slower corroding system [40,46]. The decrease in the Cy) suggests that
inhibitors function by adsorption at the metal/solution interface.

The inhibition efficiencies, calculated from EIS results, show the
same trend as those obtained from polarization measurements. The
difference of inhibition efficiency from two methods may be attributed

Bt W.E.

===

CPE

Constant Phase Element

Fig. 7. Equivalent circuit model used to fit experimental EIS.

Table 7

Electrochemical kinetic parameters obtained from EIS technique for C-steel surface in hydrochloric acid in the absence and presence of different concentrations of investigated compounds

at (30 + 1)°C

Compound. Conc./mol-L™! Ry/Q-cm? Yo x 10~ 6pua=—1 .s" nx1073 Re/Q-cm? Ca1 x 1074/uF-cm™2 0 IE/%
HL, Blank 13.42 373.9 753.5 119.6 1.3529 - -
1x107° 2453 1119 868.4 267.7 0.6575 0.5532 55.32
3x10°6 1.091 79.7 843.5 787.5 0.4866 0.8481 84.81
5x107° 1.116 95.3 849.9 787.8 0.4425 0.8482 84.82
7x107° 1.014 1014 851.7 813.1 0.4366 0.8529 85.29
9x107° 1.000 755 845.4 960.7 0.4299 0.8755 87.55
11x10°6 1.212 713 845.0 999.6 0.4287 0.8803 88.03
HL, 1x10°° 10.160 1102 803.1 1777 0.8388 0.3269 32.69
3x107° 9.449 1234 794.9 1825 0.7399 0.3446 34.46
5x10°¢ 9.504 148.8 807.5 189.3 0.7278 0.3682 36.82
7x107° 13.460 328.1 776.3 194.0 0.4835 0.3855 38.35
9x107° 11.600 257.6 807.6 206.4 0.3804 0.4205 42,05
11x10°6 12.430 264.1 813.7 2222 03790 0.4617 46.17
HLs 1x10°° 12.803 536.8 670.5 1209 1.3990 0.0107 1.07
3x10°° 11.010 322.1 773.1 1242 1.2520 0.0370 3.70
5x10° 1.147 209.8 828.6 140.4 1.0101 0.1481 14.81
7x107¢ 9.882 87.93 759.6 145.4 0.48805 0.1774 17.74
9x107° 10.350 81.57 796.6 163.5 0.4876 0.2685 26.85
11x10°° 9.966 90.21 802.5 169.2 0.5679 0.293 2931
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Fig. 8. EFM spectra for C-steel surface in hydrochloric acid in the absence and presence of different concentrations of compound HL; at (30 &+ 1)°C.

to the different surface status of the electrode in two measurements.
EIS was performed at the rest potential, while in polarization measure-
ments the electrode potential was polarized to high over potential, non-
uniform current distributions, resulted from cell geometry, solution
conductivity, counter and reference electrode placement, etc., will lead
to the difference between the electrode area actually undergoing polar-
ization and the total area [45].

3.4. Electrochemical frequency modulation measurements

Bosch et al. recently proposed electrochemical frequency modula-
tion (EFM) as a new electrochemical technique for online corrosion
monitoring [46-48]. EFM is a rapid and nondestructive corrosion rate
measurement technique that can directly give values of the corrosion
current without prior knowledge of the Tafel constants.

In corrosion research, it is known that the corrosion process is
non-linear in nature, a potential distortion by one or more sine
waves will generate responses at more frequencies than the frequencies

of applied signal. Virtually, no attention has been given to the intermod-
ulation or electrochemical frequency modulation. However, EFM
showed that this non-linear response contains enough information
about the corroding system so that the corrosion current can be
calculated directly. The great strength of the EFM is the causality factors
which serve as an internal check on the validity of the EFM measure-
ment. With the causality factors the experimental EFM data can be
verified.

Fig. 8 shows the current response contains not only the input
frequencies, but also contains frequency components which are the
sum, difference, and multiples of the two input frequencies.

The electrochemical corrosion kinetic parameters at different
concentrations of inhibitors in 2 mol-L™! HCI at 30 °C were shown
in Table 8. The inhibition efficiency was found to increase with
increasing the inhibitor concentrations. The causality factors CF-2
and CF-3 in Table 8 are close to their theoretical values of 2.0
and 3.0, respectively indicating that the measured data are of good
quality.
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The calculated inhibition efficiency obtained from weight loss, Tafel
polarization and EIS measurements are in good agreement with that
obtained from EFM measurements, therefore IE tends to decrease in
the following order:

Compound HL; > compound HL, > compound HLs.

3.5. Quantum chemical calculations

Theoretical calculations were performed for only the neutral forms,
in order to give further insight into the experimental results. Values of
quantum chemical indices such as energies of LUMO and HOMO
(Eqomo and Erymo), and energy gap AE, are calculated by semi-
empirical AM1, MNDO and PM3 methods that have been given in
Table 9. The reactive ability of the inhibitor is related to Eyono and
Erumo [49,50]. Higher Eyomo of the adsorbent leads to higher electron
donating ability [51]. Low Ejymo indicates that the acceptor accepts elec-
trons easily. The calculated quantum chemical indices (Exomo, ELumo) of
investigated compounds are shown in Table 9. The difference in AE =
Erumo — Enomo is the energy required to move an electron from
HOMO to LUMO. Low AE facility adsorption of the molecule and thus
will cause higher inhibition efficiency.

The bond gap energy AE increases from compounds (HL; to HL3).
This fact explains the decreasing inhibition efficiency in this order
((HL;) > (HLy) > (HL3)), as shown in Table 9, and Fig. 9 shows the
optimized structures of the three investigated compounds. So, the
calculated energy gaps show reasonably good correlation with the
efficiency of corrosion inhibition. Table 9 also indicates that compound
(HL,) possesses the lowest total energy that means that compound
(HL,) adsorption occurs easily and is favored by the highest softness.
The HOMO and LUMO electronic density distributions of these mole-
cules were plotted in Fig. 9. For the HOMO of the studied compounds

Table 8

that the benzene rings, N-atoms and O-atom have a large electron
density. The data presented in Table 9 show that the calculated dipole
moment decreases from compound HL; > compound HL; > compound
HL.

3.6. Inhibition mechanism

Inhibition of the corrosion of C-steel in 2 mol-L~! HCl solution
by some 8-hydroxy-7-quinolinecarboxaldehyde derivatives is
determined by weight loss, potentiodynamic anodic polarization
measurements, electrochemical impedance spectroscopy (EIS),
and electrochemical frequency modulation method (EFM), it was
found that the inhibition efficiency depends on concentration, nature
of metal, the mode of adsorption of the inhibitors and surface
conditions.

The observed corrosion data in the presence of these inhibitors,
namely:

i) the decrease of corrosion rate and corrosion current with
increase in concentration of the inhibitor.

ii) the linear variation of weight loss with time.

iii) the shift in Tafel lines to higher potential regions.

iv) the decrease in corrosion inhibition with increasing temperature
indicates that desorption of the adsorbed inhibitor molecules
takes place.

v) the inhibition efficiency was shown to depend on the number of
adsorption active centers in the molecule and their charge
density.

The corrosion inhibition is due to the adsorption of the inhibitors at
the electrode/solution interface, the extent of adsorption of an inhibitor
depends on the nature of the metal, the mode of adsorption of the
inhibitor and the surface conditions. Adsorption on C-steel surface is
assumed to take place mainly through the active centers attached to

Electrochemical kinetic parameters obtained by EFM technique for C-steel surface in hydrochloric acid without and with various concentrations of 8-hydroxy-7-quinolinecarboxaldehyde

derivatives (HL,) at (30 + 1)°C

Compound Conc./mol-L™" icorr/UA-cm 2 Bax 1073/mV-dec™! Bex 1073/mV-dec™! CF-2 CF-3 1E/%

HL, Blank 220.00 87.25 3519 1.92 2.90 -
1x1076 24.01 115.50 2422 1.55 2.88 89.08
3x107° 21.92 138.20 211.7 1.99 299 90.04
5x107° 18.45 112.70 189.1 1.96 3.10 91.61
7x107¢ 18.00 109.70 180.7 2.00 340 91.82
9x107° 14.53 90.94 1343 2.03 298 93.39
11x107° 13.62 85.48 131.8 2.02 294 93.81

HL, 1x1076 50.45 74.10 77.25 2.04 2.88 77.07
3x10°° 36.68 10560 190.0 1.93 3.27 83.33
5x107° 35.36 92.57 188.8 2.07 3.06 83.93
7 %1076 3244 96.23 191.2 2.02 1.95 85.25
9x10°° 27.71 90.74 1949 1.93 341 874
11x107° 26.95 91.51 164.5 1.92 2.76 87.75

HL; 1x10°6 194.80 110.30 150.8 1.94 2.91 11.45
3x10°° 170.00 98.38 1235 2.00 2,59 2273
5x107° 167.00 90.76 149.8 1.85 249 24.09
7x107° 113.90 94.72 122.8 2.01 3.01 48.23
9x107° 101.00 86.03 1149 1.92 2.75 54.09
11x107° 97.23 93.34 116.1 1.87 2.79 55.8

Table 9
The calculated quantum chemical properties for investigated compounds

Compound -Exomo -Erumo AE x o Pi s1 o ANpmax

HL, 0.18293 0.16915 0.0138 0.1760 0.0069 145.138 —0.1760 72.569 2.249 25.550

HL, 0.18701 0.16978 0.0172 0.1784 0.0086 116.077 —0.1784 58.038 1.8471 20.708

HL; 0.23677 0.17139 0.0654 0.2041 0.0327 30.591 —0.2041 15.295 0.6370 6.243




1264 AM. Eldesoky, S.G. Nozha / Chinese Journal of Chemical Engineering 25 (2017) 1256-1265

LUMO

Structure HOMO

HL,

HL,

HL3

Fig. 9. The Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO) of the investigated compounds.

the inhibitor and would depend on their charge density. The transfer of
lone pairs of electrons on the oxygen atoms (CO/OH mode of the
aldhyde and hydroxyl groups) [25] 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. 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.

It was concluded that the mode of adsorption depends on the affinity
of the metal towards the m-electron clouds of the ring system. Metals
such as Cu and Fe, which have a greater affinity towards aromatic
moieties, were found to adsorb benzene rings in a flat orientation.
The order of decreasing the percentage inhibition efficiency of the
investigated inhibitors in the corrosive solution was as follow:

Compound HL; > compound HL, > compound HLs.

Compound HL, exhibits excellent inhibition power due to: (i) the
presence of p-CHs group which is an electron donating group with
negative Hammett constant (0 = — 0.17), also this group will increase
the electron charge density on the molecule, and (ii) its larger molecular
size that may facilitate better surface coverage.

Compound HL, comes after compound HL; in inhibition
efficiency. This is due to the fact that it has a lesser molecular size and
has no substituent in p-position (H-atom with o = 0.0) which contrib-
utes no charge density to the molecule.

Compound HL; comes after compound HL; in inhibition efficiency.
This is due to the presence of p-NO, which has a positive Hammett con-
stant (0 = +0.78) i.e. group which lowers the electron density on the
molecule and hence, lower inhibition efficiency.

4. Conclusions

From the results of the study the following may be concluded:

1) Testing of azo 8-hydroxy-7-quinolinecarboxaldehyde derivatives es-
tablishes a very good inhibition for C-steel surface in hydrochloric
acid solution.

2

—

The inhibition efficiency is in accordance to the order: compound
HL; > compound HL, > compound HLs.

3) The inhibition efficiencies of the tested compounds increase with

increasing of their concentrations.

4) The adsorption of these compounds on C-steel surface in HCl
solution follows a Langmuir adsorption isotherm.

The values of inhibition efficiencies obtained from the different
independent techniques showed the validity of the obtained results.

wu
-
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