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Abstract:Three azafuramidine derivatives (AZFD) as new inhibitors for the corrosion of
carbon steel (CS) in acidic solution has been examined by mass loss (ML), atomic
absorption spectroscopy (AAS) and electrochemical techniques. The results demonstrated
that these new (AZFD) act as good inhibitors for the corrosion of CS in acidic media. The
inhibition efficiency (% €) increased as the inhibitor concentrations increases.
Potentiodynamic polarization (PP) study showed that (AZFD) may be classified as
mixed-type inhibitors. The) adsorption of(AZFD)on metal surface showed a Langmuir
isotherm route. The surface analysis of the CS was investigated using ATR-FTIR,
UV/visible spectroscopy and AFM analysis. Surface analysis of CS revealed formation of
a protective adsorbed surface layer composed of (AZFD). Quantum chemical calculations
of the azafuramidine derivatives molecules were computed and discussed.
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1. INTRODUCTION

CS is a common metal used to produce and transport crude oil in oil wells. This is attributed to its good
mechanical properties. During during the transfer of crude oil through the pipelines, occurs direct contact
between metal and migrating ions due to the breakdown of the oil aqueous emulsion, which leads to the
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metal corrosion. Consequently, many researchers have tended to use organic compounds as corrosion

inhibitors for CS in acidic media'"'?.

The corrosion rate of CS is decreased when these inhibitors added to the corrosive media. So, the
adsorption of inhibitors molecules onto metal/solution interface is affected by (1) electrostatic interaction
between charged CS surface and charged inhibitor molecules, (2) lone pair electrons of heteroatoms (O, N
or S) interacting with vacant d-orbitals of Fe atoms in the CS, (3) n-electrons in aromatic rings interacting
with vacant d-orbital of Fe atoms in the metal and when possible, (4) a combination of some of these
three interactions. Recently, furan-containing molecules proved to be good corrosion inhibitors due to
their structures features that enable them to bind effectively to CS surface'’. In our present work, we will
study three (AZFD) as new corrosion inhibitors for CS in acidic solution. These derivatives are nontoxic,
safe and eco-friendly corrosion inhibitors, in addition to their significant antibacterial and ant proliferative
activities'®. The inhibition efficiency of (AZFD) for the CS corrosion in acidic media was investigated
using (ML), (AAS), (PP), (EFM) and (EIS) techniques. The analysis of surface was used to characterize
the CS surface without and with the inhibitors. Quantum chemical study was discussed using DFT
method to support the experimental data. A good agreement was observed in the results of experimental
and theoretical measurements. The order of investigated three (AZFD) according to inhibition efficiency
showed that, MA-1164 > MA-1276 > MA-1117.

2. MATERIAL AND METHODS

2.1. Solutions and materials:The CS chemical composition used in all testing methods was (wt %): Mn
(0.39), Si (0.19), C (0.12), P (0.41), S (0.05), Cu (0.024) and the rest is iron. The coupons required for
ML, AAS, ATR-FTIR, and AFM measurements were cut into one size. Prior the tests, the surface of CS
coupons were polished with different emery papers up to 1200 grade, cleaned up via multiple washing
using bi-distilled water. Cleaned samples were stored at room in a vacuum desiccator until use.

The inhibitor concentrations were (1-21uM). The synthetic route of the investigated (AZFD) is shown in
Scheme 1, and the molecular structures is given in Table 1. The details for the synthesis and structural
elucidation, including spectral data (FTIR, Mass, NMR) of these azafuramidines 2a-c have been recently
reported [14].

(i), (i)

2a-c

2a; R=H (MA-1117)

2b; R=0CH; (MA-1164)

2c;R=F (MA-1276)
Scheme 1: Synthetic route for azafuramidines 2a-c.

Reagents and conditions: (i) Lithium bis-(trimethylsilyl)amide, ii) ethanol/hydrogen chloride
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Table 1.Chemical structures of the investigated (AZFD)

ibi Mol. F las/(Mol.Wt.
Inhibitor Molecular structures/Chemical names ol. Formulas/(Mo )
Code
- C16H3N50-2.0HC1
VA7 (336.21)
Cy7H5N50,-2.0HCI-
MA-1164 0.75H,0
(379.75)
MA-1276 Ci6H12FN3;0-2.0HCI-
0.5H,0
(363.21)

6-[5-(4-Fluorophenyl)furan-2-yl]nicotinamidine

2.2. Mass loss (ML) technique: The dimensions of abraded CS samples 2 x 2 x 0.1 cm were weighed
before immersion intest solution without and with different concentrations of (AZFD) at required
temperature, using water bath. The CS coupons after every 30 minutes were taken out from the test
solution, rinsed with bi-distilled water, then carefully dried and re-weighted. The total immersion time
was 180 minutes. The ML (mg cm™)was obtained as difference between the initial and final weight of CS
specimen.

2.3. Atomic absorption spectroscopy (AAS) measurements: The abraded CS specimens were immersed
in test medium with and without various concentrations of (AZFD) for one day at 298 = 1 K. The amount
of metal ion dissolved in the acidic solution was determined using atomic absorption spectrometer (model
Sens AA, GBC Scientific Equipment, USA).

2.4. Electrochemical technique:The measurements of electrochemical technique were performed using
Potentiostat-Galvanostat-ZRA analyzer (Gamry-PCI4G750, Warminster, PA, USA). The experimental
data were analyzed and fitted using E-chem Analyst 5.5 software. The electrochemical cell used in this
study, includes CS as a working electrode (WE) with an area (1.0 cm®) immersed in test solution , sheet of
platinum as a counter electrode (CE), and a saturated calomel electrode (SCE) as a reference electrode
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(RE). Before recording the electrochemical measurements, the WE was immersed in corrosive medium
and allowed to corrode freely for 30 min at room temperature of 298+ 1 K, to attain steady state, during
which its open circuit potential (OCP) was measured as a function of time. PP was measured in the
potential range from (+250 to -250 mV) from the OCP at the scan rate (0.5 mV s"').EFM technique was
performed using the frequencies (2.0 and 5.0 Hz). The base frequency was 0.1 Hz and 10 mV potential
disturbance signals. On the other hand, EIS technique was carried out using the frequency range from
(100 kHz to 10 mHz) with 10 mV peak to peak voltage excitation and 5.0 mV a signal amplitude
perturbation at OCP. EIS data were fit to suitable equivalent circuits (ECs) using the E-chem Analyst
software.

2.5. Atomic force microscopy (AFM) analysis:The coupons of CS were treated in the same manner of
ML method, and immersed in test solution without and with concentration (21uM) of azafuramidine
derivatives for 24 hrs at 298 + 1 K. After this period, the coupons were taken out, carefully rinsed using
bi-distilled water, and dried. Then, the surface analysis of CS was investigated using AFM (Nano surf
Flex) system.

2.6. ATR-FTIR and UV/visible spectral analysis:ATR-FTIR measurement gives a qualitative guide to
the adsorption of inhibitor on the CS surface. The surface of CS coupons immersed in the test solution
without and with the inhibitors was analyzed directly by single reflection mode using (Thermo Fisher
Nicolet iS10, USA).UV/visible spectra of 21uM of investigated inhibitors and the test solution containing
inhibitors after immersion of CS coupons for 24 h measured on (T80+ UV/VIS spectrometer, UK).

2.7. Quantum chemical studies:In this work, quantum chemical studies were performed using (Gaussian
program package, version 9.0, Pittsburgh,PA, USA) by DFT method. The calculated quantum chemical
parameters were visualized using (Gauss View 3.0) in the liquid state, because the corrosion process
occurs in the solution medium.

RESULTS AND DISCUSSION

3.1. ML tests

3.1.1. influence of inhibitor concentrations : ML measurements were preformed to show the influence of
inhibitor concentrations on the rate of corrosion (Cgr) of CS in 1.0 M HCI medium, (Cr)and inhibition
efficiency (% €,,,) were obtained using the following relations'”:

wi—w
Ve (1)
%€ML=[1 - g—ﬂ x100 )

Where W, and Wy are the initial and final weight of CS sample (mg), 4 is the CS surface area (cm?), ¢ is
the immersion time of CS in test solution (hours), and Cy and Cgare the CS corrosion rate (mg/cm’h)
without and with of inhibitor concentration, respectively.

The effect of various concentrations of (AZFD) on the Cy and % €),, of CS corrosion in test solution at
298 £ 1 K are shown in Figure 1. It's obvious that, the existence of inhibitor in the corrosive solution
leads to a decrease in Cg and on the other hand, increase % €),,. And therefore, the adsorption of inhibitor
molecules on the surface of CS, leads to the formation of a protective adsorbed layer on the surface,
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which retard the anodic and cathodic reaction sites in the test solution of corrosion. From ML data in
Table 2, it is found that, the order of the investigated azafuramidines according to % €, was in the
sequence as follow: MA-1164 > MA-1276 > MA-1117.

Table 2.Influence of various concentrations of (AZFD) on the Cg and % €, of CS in 1.0 M HCI solution
at different temperatures ((immersion time 120 minutes)

Temp, K 298 303 308 313 318
Conc.,pM  Cgx 107 % Ep Crx107° % € Crx 107 % € Crx107° %€ Crx103 Y€
mgem “min mgem “min’’ mgem “min” mgem “min” mgem “min™!
Blank 15.55 - 20.0 --- 24.73 -—-- 38.68 ---- 50.0 -—--
MA-1164
1 5.58 64.1 5.78 71.1 6.68 72.9 8.56 78.0 10.4 79.1
5 3.58 71.0 4.20 79.0 4.73 80.8 6.58 83.0 7.0 86.0
9 3.48 77.5 3.62 81.9 4.15 83.2 4.98 87.1 5.2 89.6
13 2.84 81.7 3.02 84.8 3.39 86.3 3.59 90.7 4.0 92.8
17 2.49 84. 2.89 85.5 3.11 87.4 3.18 91.7 3.2 93.6
21 2.29 85.2 2.60 86.9 2.69 89.1 2.79 92.8 2.99 94.0
MA-1276
1 5.65 63.4 6.60 66.9 7.67 68.9 9.09 76.5 10.9 78.2
5 3.98 74.3 4.78 76.1 4.96 79.9 6.18 84.0 7.27 85.4
9 3.69 76.2 4.34 78.2 4.73 80.8 5.28 86.3 6.18 87.6
13 3.31 78.7 3.85 80.7 4.27 82.7 4.36 88.7 5.11 89.8
17 3.29 78.8 3.62 81.9 4.03 83.6 4.18 89.2 4.88 90.2
21 3.09 80.1 3.11 84.4 3.55 85.6 3.79 90.2 4.18 91.6
MA-1117
1 5.96 61.6 7.15 64.2 8.78 64.5 10.4 73.1 12.6 74.8
5 4.88 68.5 5.79 71.0 6.23 74.8 8.17 78.8 8.87 82.2
9 4.58 70.5 5.50 72.4 5.70 76.9 6.28 83.7 7.67 84.6
13 4.07 73.8 4.54 77.2 4.60 81.4 5.68 85.3 7.10 85.8
17 3.58 76.9 4.20 79.0 4.27 82.7 5.08 86.8 5.98 88.0
21 3.19 79.4 391 80.4 4.15 83.2 4.68 87.9 5.18 89.6
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Fig. 1: Influence of various concentrations of (AZFD)on the Cy (a) and % €, (b) of CS corrosion in 1.0
M HCI solution at (298 - 318k)
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3.1.2. Influence of temperature and activation parameters:The temperature effect on Cy and % €, of
CS in test medium with and without different concentrations of (AZFD)was studied at 298—303K, and the
Cr and % €, obtainedare summarized in Table 2.The Cy is related to the temperature and activation
energy (E, ) as described through the following Arrhenius relation:

~
Y]
S’

Where A is Arrhenius pre-exponential factor, R is molar gas constant and T is absolute thermodynamic
temperature (K).

Arrhenius plots (log Cr against 1/T) for dissolution of CS in test solution with and without various
concentrations of (AZFD) are given in Figure 2a. The E, values were calculated from the slopes of the
straight lines (Figure 2a), and listed in Table 3. The Cx is related to the temperature by alternate form of
the Arrhenius relation as follow:

logCy R AH AS
—=log—-— + 4
T N 2303RT 2303R

Where ‘N’ is number of Avogadro, ‘h’ is constant of Planck, AH and “S” are the changes of enthalpy and
entropy of activation, respectively.

Plots log (Cg/T) against (1/T) for dissolution of CS in test solution in without and with various
concentrations of (AZFD) are given in Figure 2b. The values of AH" and AS’ obtained from the slopes
and the intercepts of straight lines of Figure 2b, and recorded in Table 3.

It is found that, E,” and AH" values in case of test solution containing inhibitors are higher than the
solution without inhibitors (blank). So, the rate determining steps of metal dissolution and evolution of
hydrogen are associated with higher energy barrier in the existence of (AZFD) molecules. This is due to
increase the CS surface coverage by the inhibitor molecules, which inhibit the anodic and cathodicactive
sites, add to that increase in the thickness of the adsorbed layer, which protect the CS surface from
corrosive solution'®.

Additionally, a positive value of AH" indicated that the corrosion of CS in acidic solution is endothermic
process. On the other hand, A negative values of AS’ revealed that the formation of activated complex is
an associative step rather dissociative. It is clear that, the values of AS™ are more negative in case of
uninhibited test solution than inhibited solution. This is due to the replacement of H,O molecules from the
surface of the metal by the inhibitor molecules'’.
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Fig.2: Arrhenius plots (log Cr against 1/T) (a), and plot (log Cr/T against 1/T) (b) for dissolution of CS
in 1.0 M HCI solution without and with different concentrations (AZFD)
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Table 3: Kinetic parameters obtained from ML measurements for CS dissolution in 1.0 M HCI solutions
in absence and presence of different concentrations of (AZFD)

* *

Conc., ptM E AH, -AS

kJ mol” kJ mol J mol'K!

Blank 12.51 14.10 245.87
MA-1164

1 23.02 32.54 186.33
5 24.10 38.98 163.79
9 25.03 41.39 154.65
13 27.73 43.25 147.14
17 31.62 45.53 129.84
21 48.09 55.05 105.29
MA-1276

1 22.95 29.40 197.27
5 23.44 35.91 174.39
9 24.46 38.22 165.70
13 26.95 41.83 152.71
17 30.66 42.19 148.57
21 4475 47.29 132.66
MA-1117

1 19.33 23.30 216.49
5 20.12 33.40 180.29
9 22.76 36.94 167.54
13 23.12 38.67 160.95
17 28.86 4131 150.83
21 35.93 45.53 129.84

3.1.3. Adsorption isotherm and thermodynamic parameters:The adsorption of (AZFD) molecules can
either occur chemically or physically on the corroded CS surface. The degrees of surface coverage (0) for
various concentrations of (AZFD) in test solution were obtained from the ML measurements, and were
fitted with different adsorption isotherm models. Straight lines (Figure 3) were obtained on plotting C,;,/0
versus concentrations of inhibitors (C,,) at different temperatures (298-303K), revealing that the inhibitor
adsorption on the metal surface follows Langmuir adsorption isotherm, which has the following relation:

Som o + L (5)
& K

Where ‘K,4’ is the equilibrium constant of adsorption process, which is related to the free energy of

ads

adsorption (4G ,4), according to following relation'®:
AG®,, =-RTI(10°K ) (6)

Where “10% is concentration of H,O molecules in the test solution (mgL™).
On the other hand, AG”,,, is related to the enthalpy (AHOadS) and the entropy (ASoads) of adsorption and the
according to Gibbs—Helmholtz relation as follow ':

A(}Oads = AHoads - TASOads (7)
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Fig. 3: Langmuir adsorption isotherm plot of C/8 versus C for CS corrosion in 1.0 M HCI solution
containing various concentrations of (AZFD) at different temperatures
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Plots of AG’,gversus T for CS corrosion in presence of different (AZFD)give straight lines as shown in
Figure 4. AS°,4s and AH®,4 can be obtained from the slope and the intercept of the straight lines (Figure
4), respectively. The thermodynamic adsorption parameters for (AZFD) on the surface of CS are
summarized in Table 4. It is found that, the values of K,4 are increasing with temperature, suggesting
that a strong interaction between (AZFD) molecules and the CS surface in acidic medium. In addition,
large values of (K,4s) calculated for the investigated (AZFD) revealed that the adsorption process is more
efficient thus improving the corrosion inhibition efficiency. The values of AG®,y are negative and more
than - 40 kJ/mol suggested that, the adsorption mode of (AZFD) on the surface of metal is a spontaneous
process and chemisorption adsorption. The positive sign of AH®,4 value points out the adsorption of
(AZFD) on the metal surface is endothermic because of chemisorption process *°. On the contrary,
AS spositive values reflect the increase in the entropy of solvent as disorder occurs at the CS/solution
interface when the (AZFD) molecules adsorbed on the CS surface. This is due to the displacement of H,O
molecules by (AZFD) molecules on the CS surface in the corrosive medium .

Table 4: Thermodynamic parameters obtained from ML measurements for CS dissolution in 1.0 M HCI
solutions containing various concentrations of (AZFD) at different temperatures

Inhibitor ~ Temp., Kagx10™, -AG g, N AS°adss
K M kJ mol! kJ mol! J mol 'k
208 93.01 44.01
303 96.73 44.84
MA-1164 308 104.62 45.78
311 117.73 46.83 16.89 203.53
318 143.08 48.10
298 56.37 42.76
303 65.82 43.87
MA-1276 308 74.02 44.90 32.77 252.99
311 97.13 46.33
318 130.73 47.86
298 38.27 41.80
303 49.50 43.15
. 267.
MA-1117 308 56.02 44.18 37.97 67.53
311 78.27 45.77
318 101.31 47.18
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Fig. 4: Plots of AG’,gversus T for CS corrosion in presence of different (AZFD)

3.2. AAS measurements:AAS is a quantitative analysis method was used to determine the amount of
dissolved Fe in the corrosive medium with and without various concentrations of (AZFD) at required

temperature. The % €445 was calculated according to the following relation:

% €115 = [1 — 2| X100

(8)

Where A* and A are the amount of dissolved iron in test medium without and with inhibitor, respectively.
Amount of dissolved iron in test solution measured using AAS is summarized in Table 5. It is found that
the amount of dissolved Fe in case of the inhibited solution is lower than the uninhibited solution (blank).
There was a delay in the dissolution of metal in corrosive medium because of formation of adsorbed layer
of (AZFD) on the CS surface *'. It is found that, the order of % €5 for investigated (AZFD) according to
the amount of dissolved Fe in the corrosive medium showed that MA-1164 > MA-1276 > MA-1117.

Table 5.Amount of iron dissolved in 1.0 M HCI solution without and with different concentrations of
(AZFD) at 298K (immersion time 24h)

Conc., pM Amount of iron, ng/L % €aas
Blank 3.5t e
MA-1164

1 3.63 73.1

5 3.20 76.3

9 2.67 80.2

13 2.07 84.7

17 1.59 88.2

21 1.22 91.0
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MA-1276

1 4.50 66.7
5 3.86 71.4
9 3.13 76.8
13 2.51 81.4
17 2.01 85.1
21 1.62 88.0
MA-1117

1 5.21 61.4
5 4.49 66.8
9 3.86 71.4
13 3.23 76.1
17 2.65 80.4
21 2.09 84.5

3.3. Electrochemical techniques

3.3.1. PP test: PP plots (log icorversus Ecoy) for CS corrosion in test medium without and with various
concentrations of (AZFD) are represented in Figure 5. The corrosion parameters (icorr, Ecor Pa and Be)
calculated fromPP method are recorded in Table 6. The % €, obtained from pp method was calculated
using the relation as follow [22]:

Iﬁ::\?‘?“

%€, = [—I“’T’ - I"} x100 (%)

Where i, and i;is corrosion current density without and with inhibitor concentration, respectively.

As shown from Figure 5, the cathodic and anodic reactions of CS were affected after addition of
(AZFD)to test solution. So, the additions of (AZFD)decrease the corrosion of CS and delay the hydrogen
evolution reaction. From Table 6, the values of i.,; reduce with increase in inhibitor concentration, and
hence, % €,, values increase. It is found that, there is a slight shift in corrosion potential, with no definite
trend in the shift of E., values with increase in inhibitor concentrations compared to that of blank
solution.

This due to the inhibitors has mixed effectiveness by impeding the anodic and cathodic reaction centers
on CS surface (i.e. (AZFD)act as mixed-type inhibitors) *. The cathodic and anodic Tafel slopes (B, and
B.) change when the inhibitor added to the test solution. This points out that the anodic and cathodic
reaction sites are delayed with change in their mechanisms. The order of investigated compounds
according to % €pp is an agreement with the % €, values calculated from ML and AAS techniques,
whereas: MA-1164 > MA-1276 > MA-1117.
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Fig. 5: PP plots (log icor Versus Ecop;) for CS electrode in uninhibited and inhibited solutions with various
concentrations of (AZFD) at 298 K
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Table 6:PP kinetic parameters for CS dissolution in 1.0 M HCI without and with different concentrations
of (AZFD) at 298 K

Conc., icorrs -Ecorrs Bas Bes Cr % €pp
(uM) (nAcm™?) (mVvs SCE) (mV dec™) (mV dec™) (mpy)

Blank 433 547 100 180 198 -
MA-1164

1 161 490 69.9 1183 73.66  62.80
5 145 492 90.1 134.2 66.33  66.50
9 110 485 72.9 131.6 41.58  79.00
13 83.9 486 64.5 108.5 38.41  80.60
17 80.3 479 61.9 119.9 36.6 81.50
21 67.3 486 72.5 115.5 30.5 84.46
MA-1276

1 238 499 89.7 128.3 108.9  45.00
5 226 488 70.5 140.1 103.5  47.80
9 117 477 70.8 130.4 54.85  72.30
13 108 485 67.8 130.5 49.3 75.10
17 84.7 464 69.9 165.7 38.8 80.40
21 76.9 479 73.2 134.4 35.2 82.24
MA-1117

1 255 469 61.5 128.5 116.6  41.10
5 240 499 63.9 111 109.7  44.60
9 124 482 66.6 137.9 56.63  71.40
13 115 484 66.1 127.2 52.67  73.40
17 102 478 60.5 134.5 46.7 76.40
21 85.3 479 65.0 143.4 39.6 80.30

3.3.2. EFM measurements: EFM intermodulation spectra of CS dissolution in test solution with and
without (AZFD)at 298 K are displayed in Figure 6. The inhibition efficiency (% €rry) obtained from
EFM technique was calculated using the relation as follow:

Iﬁﬂ‘?“

%€w=£1m_zi}x1oo (10)
The corrosion parameters obtained from EFM method are shown in Table 7. It is found that, i.,, decrease
withincreasing (AZFD) concentrations, and therefore, % €gr, values increase. The causality factors (CF-2
and CF-3) are found close to the standard values (2.0 and 3.0), and therefore, the data obtained from this
technique are valid **. The % €z, obtained from EFM technique is the same sequence of ML, AAS and

PP methods whereas: MA-1164 > MA-1276 > MA-1117.
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Fig. 6:The intermodulation spectra of CS dissolution in 1.0 M HCI solution without and with 21 uM of
(AZFD) at 298 K
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Table 7: EFM and EIS kinetic parameters for CS dissolution in 1.0 M HCI without and with different
concentrations of (AZFD) at 298 K

EFM EIS
CO]]C., icorra Bas Bca CR CF-2 CF-3 % €EFM Rcts Cas % €EIS
uM (mAecm®)  (mVdec') (mVdec') (mpy) (Qem?)  (uFem?)
Blank 413.5 91 143 2346 190 285  --—--- 364 781 -
MA-1164
1 140.4 926 114 79.76 181 3.15 66.0 115.1 91.2 68.3
5 138.2 93 110 7836 2.13 2.88  66.6 148.4 89.8 75.4
9 132.8 98 119 7531 186 270 679 163.1 79.7 77.6
13 95.16 96 99 5396 1.78 3.16 77.0 192.7 75.8 81.0
17 91.21 81 103 51.85 220 336 779 203.3 72.5 82.0
21 80.51 92 106 4575 180 336 805 244 .4 70.5 85.0
MA-1276
1 150.5 86 93 8539 144 257 63.6 103.4 424 64.7
5 147.8 66 87 83.75 1.63 3.34 64.3 146.2 112 75.0
9 137.5 80 104 78.12 1.75 3.48 66.7 160.0 110 77.2
13 124.1 88 144 70.61 187 347 69.9 165.0 92.4 77.9
17 122.4 86 100 6944 157 3.05 70.4 176.1 78.1 79.3
21 86.14 84 101 48.80 1.81 343 792 208.9 74.7 82.5
MA-1117
1 226.5 75 84 128.56 1.69 335 452 70.2 640 48.0
5 168.8 99 113 9572 1.78 279 592 110.6 486 67.0
9 149.7 92 110 8493 162 329 63.8 135.5 334 73.0
13 135 80 101 7648 183 3.11 674 151.5 155 75.9
17 128.7 74 97 7296 1.86 3.37 68.9 160.5 80 77.2
21 88.06 68 98 4997 192 326 78.7 183.3 78.6 80.1

3.3.3. EIS measurements: EIS spectra of CS dissolution in test solution without and with various
concentrations of (AZFD)are represented in Figure 7. A single depressed capacitive semicircle in
inhibited and uninhibited solution is shown in the Nyquist graphs (Figure 7a), having one capacitive time
constant in the Bode phase graphs (Figure 7b). These depressed semicircles are attributed heterogeneities
of the metal surface, roughness, mass transport and adsorption-desorption mode of the (AZFD) molecules
at CS/solution interface. The shape of the semicircle in Figure 7a not changed in uninhibited and
inhibited solutions. These indicate that, the addition of inhibitors for the test medium does not change the
corrosion reaction mechanism. But, the diameter of capacitive loop in the existence of inhibitor is wider
than that in the blank medium and increases with increase in (AZFD) concentrations. This suggested that
the investigated derivatives protect the surface of CSfrom attack of acid and the (% €gs) is improved at
higher concentration of inhibitor.EIS spectra fitted using the electrical equivalent circuit is given in the
Figure 8, and then the kinetic parameters were recorded in Table 7. The (% €gs) are obtained using the
following relation**:
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where R*c,, and R, is the charge transfer resistance for CS in test solution without and with inhibitor.

24

R,—R'a

=100

(11)

As shown in Table 7, the increase in inhibitor concentrations causes the increase in R values and
decrease in Cy values. This is attributed to the adsorption of (AZFD) molecules on the CS/solution
interface instead of H,O molecules forming a protective adsorbed film on the CS surface, which lead to
increase the electric double layer or reduce the dielectric constant. And therefore, reduces the electron
transfer and metal corrosion action”. The results calculated from EIS method were in agreement with

pervious ML, AAS, PP and EFMmethods.
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Fig. 7:EIS spectra of CS dissolution in 1.0 M HCI solution in the absence and presence of different
concentration of (AZFD) at 298 K. (Nyquist plots (a) and Bode plots (b))
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Fig.8: Equivalent circuit used to fit the impedance spectra

3.4. CS surface characterization

3.4.1. AFM analysis: AFM technique is proceeded to investigate the surface morphology of CS in test
solution without and with (AZFD). Figure 9(a—e) show AFM images for the fresh, blank and inhibited
specimen of CS, respectively. The surface roughness obtained for fresh CS coupon is 52 nm (Figure
9a). The surface roughness of CS coupon is increased to 590 nm after immersed in test solution
(Figure 9b). On the contrary, the inhibited solution in the presence of MA-1164, MA-1276 and MA-
1117(Figure 9c-e) show reduced in the roughness values to 115, 119 and 125 nm, respectively. This is
due to the adsorbed layer of (AZFD) molecules formed on the surface of metal which impedes the
dissolution of CS in the aggressive medium. Hence, reliable morphology and smooth was achieved in

inhibited CS surface®®.
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(a) (b)

Fig. 9. AFM 3D images for CS surface (a) before, (b) after immersion for 24 h in 1.0 M HCI solution
and (c¢) 1.0 M HCI solution contains 21uM of MA-1164(d) MA-1276 (e) MA-1117

3.4.2. ATR-FTIR and UV/ visible spectral analysis: ATR-FTIRspectroscopy is a powerful technique that
identifies functional groups present in various compounds '*. ATR-FTIRspectra of the (AZFD)and the
protective layer formed on CS surface exposed to test solution containing (AZFD)are represented in
Figure 10. AS shown from Figure 10 for p-methoxy phenylazafuramidine inhibitor (MA-1164), the
peaks found at 3235 and 3447 cm™ are characteristic for stretching vibrations of N-H bond for NH, and
NH, while peaks at 1602, 1628, 1664 cm’' are characteristic for stretching vibrations of C=C, C=N
stretching vibrations, and bending vibrations of N-H bond for NH, and NH groups. On the other hand, the
IR spectra of the protective layer formed on CS surface showed broad band with shift in the wavenumber
to 1640 cm™. The peaks of N-H bond for NH, and NH groups become broad peaks. This confirms the
adsorption mode of the azafuramidine inhibitors on CS surface occurs via binding interaction through
these groups, and hence forms a shielding layer against the penetration of water molecules and the
corrosive ions to surface of CS". Similar patterns have been recorded for MA-1276 and MA-1117.
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UV/visible spectra of (AZFD)solution and the test solution containing (AZFD)solution after 24 h of
immersion of CS coupons are shown in Figure 11. From UV/visible spectra, all the inhibitors showed a
band at 386 nm, due to n- 7* transition''. On the other hand, the spectra of test solution containing
inhibitor molecules after 24 h of immersion of CS samples showed two bands at 316 and 361 nm which
attributed to n- m* transition of coordinated and free donor groups of inhibitor, respectively. The
possibility of the formation of complex between the dissolved metal ions and the (AZFD) molecules, due
to the difference obtained in the absorption spectral after the immersion of CSSample in the corrosive test
solution®"?*,

STraasmittney

ol remittace

“Trsitvacy

Tty

YTransmitance

YTransmitance

Wavenushers (em-1)

Fig. 10:ATR-FTIRspectra for (AZFD) (a) and the CS surface after immersion in 1.0 M HCl solution
containing 21uM of (AZFD) (b)
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3.5. Quantum chemical calculations: The inhibition behavior of the investigated (AZFD)for CS
corrosion in acidic solution could be discussed by quantum chemical studies using DFT method. The
optimized geometry, frontier molecular orbital of HOMO, LUMO and the distribution of Mulliken charge
of (AZFD) are plotted in Figure 12, respectively. It is seen that, the distributions of electron density were
localized on HOMO and LUMO of inhibitors confirms the electron donating and accepting centers are
possible in (AZFD) molecules. The detailed data of quantum chemical parameters for (AZFD) are
calculated and listed in Table 8.

Table 8:Quantum chemical parameters for (AZFD) obtained by DFT method

MA-1164 MA-1276 MA-1117

Enomo /(eV) -5.411 -5.302 -5.214
Erumo /(eV) -4.122 -3.968 -3.768
AE(ELumo-Enomo) /(eV) 1.289 1.334 1.446
Xinh /(€V/mol) 4.766 4.635 4.491
Ninh /(€V/mol) 0.640 0.670 0.720

AN 1.740 1.770 1.740
Mulliken charge analysis
N(4) -0.418 -0.179 -0.165
N(19) -0.772 -0.191 -0.908
N(20) -0.505 -0.616 -0.631
0(8) -0.346 -0.732 e
0(21) -0.124 e e
Fy e -0230 e

According to the frontier molecular orbital theory (FMO), the inhibition efficiency of investigated
inhibitors for CS corrosion in acidic solution is related to the energy of lowest unoccupied molecular
orbital(E_ymo), the energy of highest occupied molecular orbital (Eyomo) and the energy gap AE (AE =
Erumo - EHOMO)29- From the Table 8, it can be noted that, the higher Egomo values indicate that (AZFD)
molecules can easily give electrons to the empty d-orbital of iron. But, the lower E_yyo values show a
higher electron accepting ability from the CS metal. The smaller values of AE show the stability of
formed complex on the CS surface which determines the soft—soft interaction between the soft metal acid
and the soft base inhibitor in the investigated system™. Therefore, the reactivity order of (AZFD) for
corrosion inhibition of CS according to AEis MA-1164 >MA- 1276 > MA-1117.The value of AN clarifies
the number of electrons transferred from the (AZFD) molecules to the surface of metal. When AN is
lower than 3.6, this means that the (% €)of (AZFD) molecules increases with the increase of electron
donating ability at the CS surface. AN is calculated as the following relation:

AN: X fe~ Xinh 12
2(Mfe+ Ninh) ( )

Where y; and #;,, are the absolute electronegativity and the absolute hardness the (AZFD) molecules,
respectively and they are calculated as follow taking into consideration that the theoretical values of yp.
and ng. for Fe are (7.0 and 0.0 eV/mol), respectively:
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X=- % (ELumo + Enumo) (13)

n=- % (ELumo - Exumo) (14)

As shown in Table 8, it can be noted that, AN values for three (AZFD) are < 3.6; this indicates that the
inhibition effect resulted from the electrons donation to the vacant d- orbital of metal’'. The Mulliken
charge distributions of atoms for the investigated azafuramidines derivatives obtained by DFT
calculations are shown Figure 12. It is deduced that the more negative charge on heteroatoms, the more
easily electrons donation and electrostatic attraction between the (AZFD) molecules and the CS surface. It
is clear that from Figure 12, the most of the negative charge exist on the N(4), N(19), N(20), O(8), O(21),
F(21) atoms for (AZFD). Therefore, these heteroatoms act as the active sites for the adsorption of (AZFD)
molecules on the metal surface. From the quantum chemical analysis, it is found that, an agreement with
the previously mentioned experimental data obtained by ML, ASS, PP, EFM, EIS measurements.

Fig.12:The optimized structure, HOMO, LUMO orbitals and Mulliken charge for (AZFD)obtained by

DFT method
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3.6. Mechanism of corrosion inhibition: The inhibition mechanism of CS corrosion in acidic media
using the investigated azafuramidines molecules can be discussed on the basis of molecular adsorption.
These inhibitors inhibit the corrosion of CS by controlling the cathodic and anodic reactions sites.
According to, the adsorption isotherm, the inhibitors molecules were adsorbed chemically on the surface
of CS. The (AZFD) molecules could be easily protonated in acidic solution, because of high electron
density on it, and adsorbed on the cathodic centers of the CS and reduce the hydrogen evolution. On the
other hand, the adsorption on anodic sites occurs via n-electrons of aromatic rings and unshared electron

pairs on (O, N) heteroatoms exist in the investigated (AZFD) which reduce the anodic dissolution of CS
32

CONCLUSION

(AZFD) act as good inhibitors for CS in acidic medium and inhibition efficiency increased with the
increase of inhibitor concentrations. The adsorption of (AZFD) on CS surface obeys Langmuir adsorption
isotherm. The corrosion current density reduced as the concentration of (AZFD) increased indicated that
inhibitor acted as (mixed-type) inhibitor. The Cy values decreased when increasing the concentrations of
inhibitor concentrations. This is attributed to the adsorption of (AZFD) molecules at the CS/ solution
interface. The surface investigation using AFM showed a reduction of CS corrosion by formation of
adsorbed layer onto the surface. ATR-FTIR and UV/visible spectra, confirmed the bond formation of the
(AZFD) with CS. Quantum chemical calculations supported the experimental data and pointed out that
the order of inhibition efficiency, for (AZFD), is the following: MA-1164 > MA-1276 > MA-1117.
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