Downloaded via 156.206.174.204 on July 21, 2023 at 18:07:06 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

:r-i
A4

http://pubs.acs.org/journal/acsodf

Heoo®06

Synthesis and Characterization of a Novel Quaternary Ammonium
Salt as a Corrosion Inhibitor for Oil-Well Acidizing Processes

Zaidoun K. Kuraimid, Dawood S. Abid, and Abd El-Aziz S. Fouda*

I: I Read Online

[l Metrics & More |

Cite This: https://doi.org/10.1021/acsomega.3c02094

ACCESS |

Article Recommendations |

ABSTRACT: A quaternary ammonium salt, 1,1’-(1,4-phenylenebis- W i

(methylene) )bis(4-formylpyridin-1-ium) (PMBF), was synthesized, , L_ NN 7
characterized, and investigated as an inhibitor for C1018 (type steel in ‘ - o

oil wells) corrosion in 17.5% HCI solution. The chemical structure of L.

PMBF was confirmed using altered techniques. Potentiodynamic
polarization (PDP) was employed to investigate the corrosion inhibition
effect of the synthesized compound in a 17.5% HCI solution for C1018.
The corrosion protection was increased by improving the dose of the
synthesized compound and reached 98.5% at 42.02 X 10™° M and 313 K.
On the other hand, it was decreased by increasing the temperature and
reached 97.9% at the same concentration and 343 K. The parameters of
activation and adsorption were calculated and debated. A polarization *.
study revealed that PMBF functioned as a “mixed-kind inhibitor,” i.e.,

affecting both cathodic and anodic processes through their adsorption onto the electrode surface. The adsorption was described by
the Langmuir adsorption isotherm. Different techniques were employed as appropriate tools for analyzing the structure of the layer
formed on C1018. Density functional theory (DFT) and Monte Carlo (MC) simulations were used to compare the results of the
theoretical calculations with the experiments. Finally, an appropriate inhibition mechanism was suggested and discussed.

Potentiodynamic Polarisation o TTB at 313K
s |

1. INTRODUCTION

In several industrial sectors, acid solutions are typically used to
remove undesired scales and rust from steel surfaces. They are
also frequently employed to improve oil and gas recovery
through acidification in the oil and gas industry."

been discovered that organic corrosion inhibitors with nitrogen
reduce hydrogen’s ability to penetrate steel in acid
conditions.'”

As corrosion inhibitors for mild steel in 15% HCl at 105 °C,
Quraishi et al."> synthesized two undecane-5-mercapto-1-oxa-

These processes generally cause substantial corrosion of
steel pipes, tubes, and equipment.” The presence of mineral
acid solutions, which are utilized as aggressive solutions for
pickling,3 (:leaning,4 descaling,S and oil-well acidization,6 is a
vital phenomenon for carbon steel corrosion. However, adding
corrosion inhibitors in very little amounts will minimize the
negative effects of corrosion caused by the acids.” An
important role in preventing corrosion is played by corrosion
inhibitors.® Literature indicates that the presence of heter-
oatoms like nitrogen, oxygen, sulfur, and phosphorus in
organic compounds can be effective in reducing the corrosive
attack on metal surfaces by aggressive species.” Organic
compounds containing heteroatoms act at the interface
between the metal and corrosive solution by adsorbing onto
the metal surface. This adsorption results in the formation of a
protective layer that isolates the metal surface from the
corrosive environment.'’ The reason for selecting a quaternary
ammonium salt with incorporated hetero-organic moieties in
this study is that they have greater potential to protect steel
against corrosion. This is due to the presence of heteroatoms
that can form a protective layer on the metal surface.'' It has
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3,4-diazole (UMOD), two heptadecane-S-mercapto-1-oxa-3,4-
diazole (HMOD), and two decane-S-mercapto-1-oxa-3,4-
diazole (DMOD). Inhibition tests were also carried out on
N-80 steel under similar conditions in 15% HCI containing
5000 ppm of UMOD. According to the data, oxadiazole
derivatives are effective corrosion inhibitors. N-80 steel has
94% inhibition effectiveness according to UMOD, whereas
mild steel had 72% inhibition efficiency. PDP tests performed
on mild steel in 15% HCI with 500 ppm oxadiazole derivatives
and on N-80 in 15% HCIl with 500 ppm UMOD at room
temperature revealed that all of the chemicals under
investigation are mixed-type inhibitors. Frenier et al.'* studied
two model compounds, n-dodecylpyridinium bromide (n-
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Scheme 1. PMBF Inhibitor’s Synthesis Route
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DDPB) and 1-octyn-3-ol, that were tested in HCI acid as
inhibitors for J55 oilfield steel. This paper describes the kinetic
and chemical analyses conducted to arrive at inhibition
mechanisms for these model compounds. These studies
showed that the pyridinium forms a weak bond with the
chloride-covered surface and is sensitive to temperature and
[HCI]. Octynol, however, chemisorbs and produces a film that
contains a reaction product of acetylenic alcohol. The
efficiency of the newly created chemical, 6-methyl-S-[m-nitro
styryl], was evaluated by Migahed et al.'® as a corrosion
inhibitor for mild steel in 12% HCI solution at 50 °C by
employing a variety of chemical and electrochemical methods.
Zhang et al.'®'” looked into the efficacy of three quaternary
ammonium salts as corrosion inhibitors for Q235 steel,
including tetradecyl trimethyl ammonium bromide, N-benzyl
pyridinium chloride, and imidazoline quaternary ammonium
salt. The corrosion rate was greatly reduced, and the findings
showed good inhibitory efficiency. Also observed by Zhang et
al.'® was the synergistic corrosion inhibition effect of
octadecylamine and tetradecyl trimethyl ammonium bromide
at concentrations of 10 and 20 mg L™/, respectively. Jalab et
al."” investigated the corrosion performance of quaternium-22
(Q-22) surfactant (C;3H,oN,ClO,) in S M HCI solution
against C1018 and obtained 51% inhibition efficiency at 2.22
mmol L™, 30°C. Wang et al.”’ utilized phenacyl quinolinium
bromide (PaQBr) and DiPaQBr (classified as an indolizine
quaternary ammonium salt) as inhibitors for N-80 steel in
17.5% HCI and obtained inhibition efficiencies of 97.7% and
97.1% at 35.6 mM and 25 °C, respectively. Hegazy et al.”!
synthesized and characterized three novel diquaternary
ammonium salts, namely, N-(3-(2-
(isopropyldimethylammonio)acetoxy)propyl)-N,N-dimethyl-
dodecan-1-aminium chloride bromide (Q1), N-(3-(2-((2-
hydroxyethyl) dimethylammonio) acetoxy) propyl)-N,N-dime-
thyldodecan-1-aminium chloride bromide (Q2), and N-(3-(2-
(phenyldiethylammonio )acetoxy)propyl)-N,N-dimethyldode-
can-1-aminium chloride bromide (Q3) and utilized them as
corrosion inhibitors for API X6S steel pipeline in 1 M HCL
The inhibition efficiencies for these Q1, Q2, and Q3 were 97,
98, and 99.5% at 20 °C and 5 X 107* M, respectively.

The goal of the study is to synthesize and characterize a
novel quaternary ammonium salt named (PMBF) and test its
effectiveness as a corrosion inhibitor in oil wells where acid
injection occurs. Due to its charged structure, the PMBF with
high solubility, high molecular size, nontoxicity, and easy
preparation is considered safe for the environment and displays
efficient adsorption behavior. Both WL and PDP were used to
assess the % IE. Several kinetic and thermodynamic parameters
were computed using the experimental data. The surface
morphology of the C1018 alloy corroded in 17.5% HCI with
and without the addition of the inhibitor was examined using

atomic force microscopy (AFM) and scanning electron
microscopy (SEM) techniques.

2. EXPERIMENTAL SECTION

2.1. Materials. a,a’-Dibromo-p-xylene was purchased from
BDH, 1,2-dichloroethane was purchased from Merck, 4-
pyridyne carboxaldehyde was purchased from Macklin, and
hydrochloric acid was purchased from ] Baker. All of these
reagents are of analytical reagent (AR) grade. The corrosion
inhibitor synthesized in this manuscript was dissolved in water.
We prepared a 10,000 ppm stock solution by dissolving 1 g of
inhibitor in 100 mL of water.

2.2. Synthesis of 1,1’-(1,4-Phenylenebis(methylene))-
bis(4-formylpyridin-1-ium) (PMBF).”> In a round-bot-
tomed flask, a magnetic stirrer was equipped. The mixture
consisting of @,a’-dibromo-p-xylene (0.05 mole) (13.19 g =
9.42 mL) and 4-pyridyne carboxaldehyde (0.1 mole) (10.71 g)
in 1,2-dichloroethane was refluxed for 48 h. After cooling, the
solvent was removed. The separated solid was filtered and
purified. The light-yellow solid gave a yield of 91%; MP 115.3
°C.

2.3. Composition of C1018 Alloy. A C1018 steel coupon
with an area of 1 cm” was used as the working electrode for the
polarization method. Its composition was C 0.17%, Mn 0.8%,
P 0.014%, S 0.002%, Si 0.022%, Cu 0.02%, Ni 0.01%, Cr
0.04%, Sn 0.002%, Ti 0.001%, Cd 0.001%, V 0.001%, B
0.0001%, Al 0.042%, N 0.006%, and the remainder being Fe.
Specimens were cleaned in accordance with ASTM standard
G1-3"* before the start of any experiment.

2.4. PDP Studies (Tafel Extrapolation). Electrochemical
experiments were performed using a potentiostat device
winking MLab-200(2007) (Bank Elektronik - Intelligent
Controls GmbH) and a glass-jacketed cell with three
electrodes. As an auxiliary electrode, the platinum over
titanium (Pt/Ti) electrode was utilized and the reference
electrode was made of silver over silver chloride (Ag/AgCl).
Tafel extrapolation was used to calculate corrosion rates. The
experiments were carried out at altered temperatures (313—
343 K) in accordance with ASTM standards G-01 and G-05.*
The experiments were performed at least three times to check
the reproducibility.

2.5. Surface Characterization. C1018 samples used for
surface analysis were submerged at 313 K for 3 h in extract-free
acid and acid containing 42.02 X 10° M PMBE. After that, the
samples were removed, cleaned with double distilled water
many times to remove any residue, and dried. The surface
morphologies of C1018 samples were determined by a FESEM
Instrument ZEISS Sigma VP, Iran, Tehran. Atomic force
microscopy (AFM, with high-resolution type) measurements
were performed by a NaioAFM 2022, Nanosurf, Switzerland at
the Iragi Ministry of Industry, Baghdad, Iraq.
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Figure 1. FT-IR spectrum of PMBEF.
Table 1. Spectral Data of PMBF
Comp. PMBF
Structures 23 20 6 7 9
/ / 21 5 ¥ \ 10
240 19 1 N¥ 14
16
18 \ N+ 22 ) 13 / 1 /O
17 8 3 12 15

Mol. formula CooHsN>O,Bry

FT-IR (KBr) (cm™)
Aromatic, 1252 v( C-N)

3033 v(C-H) arom, 2979 v(C-H) aliph, 2764v( C-H) aldehyde, 1659 v(C=0) aldehyde, 1576 v(C=C)

"H-NMR (ppm)

6.39 (s, 4H, 2CH,-N); 7.68 (d, 4H, Ar-H); 8.10 (d, 4H, Ar-H); 9.35 (d, 4H, Ar-H); 10.25 (s, 2H, 2CHO).

BC-NMR (ppm)
147.2 (C11, C19), 190.3 (C15, C23).

62.3 (C7, C8); 125.8 (C10, C12, C18, C20); 130.1 (C2, C3, C5, C6); 136.1 (C1, C4); 145.3 (C9, C13, C17, C21);

3. RESULTS AND DISCUSSION

3.1. Synthesis of 1,1'-(1,4-Phenylenebis(methylene))-
bis(4-formylpyridin-1-ium). The new 1,1'-(1,4-
phenylenebis(methylene))bis(4-formylpyridin-1-ium)
(PMBF) was synthesized utilizing the quaternization reactions
of 4-pyridyne carboxaldehyde with a,a’-dibromo-p-xylene
taking place in 1,2-dichloroethane as the solvent; 4-pyridyne
carboxaldehyde was dissolved in a minimum volume of 1,2-
dichloroethane, and a,a’-dibromo-p-xylene was then added
directly to the solution in small portions. a,a’-Dibromo-p-
xylene was added in an equimolar ratio (1:2). The synthesis
route of PMBF is illustrated in Scheme 1.

3.2. Fourier Transform Infrared (FT-IR) Spectroscopy
Analyses. The FT-IR spectrum, which revealed the structure
of compound PMBF, exhibited peaks of £(C—H) aromatic at
3033 cm™!, v(C—H) aliphatic at 2979 cm™', v(C-H)
aldehyde at 2764 cm™', v(C=0) aldehyde at 1659 cm™,
v(C—N) at 1252 ecm™), and v(C=C) aromatic at 1576
cm™'.** FT-IR spectrum data of PMBF are shown in Figure 1
and Table 1. Fourier transform infrared spectra were recorded
using a KBr disc on a SHIMADZU FT-IR-8400, Japan, at the
Faculty of Science, Chemistry Department, Al-Mustansiryah
University, Iraq.
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Figure 2. '"H NMR spectrum of PMBF.
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Figure 3. >C NMR spectrum of PMBF.

3.3. 'H NMR Analyses. The '"H NMR (DMSO) spectrum
of PMBF showed signals of a multiplet at § 7.3—7.4 due to the
aromatic ring proton (m, 4H, Ar-H), a doublet at § 8.1—8.54
due to the four protons of (4CH-COH), a doublet at § 9.32—
9.63 due to the four protons of (d, 4H, —CH,-N), and a singlet
at § 9.64—9.68 due to the (s, 2H, —COH) aromatic.”* 'H
NMR spectrum data of PMBF are shown in Figure 2 and
Table 1.

3.4. C NMR Analyses. The *C NMR (DMSO)
spectrum of PMBF showed signals at 62.31 below to
(C7,C8), signals at 125.87 below to (C10, C12, C18, C20),
signals at 127.38 below to (C1, C2, C4, CS), signals at 136.16
below to (C9, C13, C17, C25), signals at 159.23 below to
(Cl11, C19), signals at 190.3 below to (C15, C23) aromatic.”
C NMR spectrum data of PMBF are shown in Figure 3 and
Table 1.
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Figure 4. Tafel extrapolation curves for the dissolution of C101’8 in 17.5% HCI with and without variant doses of PMBF at altered temperatures.

Nuclear magnetic resonance, 'H NMR, and *C NMR
spectra were recorded using a Bruker UltraShield 300 mHz
NMR system at Basrah University, Iraq using tetramethyl
silane as the internal standard and DMSO-d; as the solvent.

3.5. PDP Measurements. The polarization curves for
C1018 with and without various PMBF concentrations are
displayed in Figure 4. The general shape of the potentiody-
namic curve with and without PMBF is comparable. However,
the increase in PMBF concentration inhibited the anodic and
cathodic reactions, with a predominant cathodic effect. The
extrapolation of the Tafel straight line allows the calculation of
the corrosion current density (i.,). Table 2 lists the
parameters for anodic and cathodic Tafel slopes (8, f.),
inhibition efficiency (% IE), corrosion potential (E.,),
corrosion current density (i), and inhibition potential.
Equation 1 was used to determine the inhibitor efficiency %IE
and degree of surface coverage (0) from the measured (icy)
values.

Leorr(free) — Yeorr(i)

%IE =6X10 = X 100

icorr(free) ( 1)

where i o (fe) iS the uninhibited corrosion current and i o) is
the inhibited corrosion current. Figure 4 shows that after
adding PMBEF to a solution of 17.5% HCI, both the anodic and
cathodic curves changed in the direction of less corrosion
current, indicating the mixed nature of the inhibitor. The lower
icor readings in the presence of PMBF show inhibitor molecule
binding on the C1018 facet, which subsequently increases the
%IE. The fact that the values of PMBF’s f, and f. changed as
the concentration of the inhibitor showed that PMBF
regulated the anode and cathode reactions. PMBF is a
mixed-type inhibitor, as evidenced by the lack of change in
E.... values in the attendance of the inhibitor compared to E_,,,
in the absence of the inhibitor (23.4 mV at 313 K).** This
finding implies that PMBF is adsorbed by obstructing the
reaction sites on the surface of C1018, reducing the amount of
surface area accessible for hydrogen evolution (cathodic
reaction) and metal dissolution (anodic reaction) without
changing the process mechanism.

Higher PMBF inhibitor concentrations, as indicated by the
provided parameters in Table 2, reduce the anodic and
cathodic corrosion current densities. In comparison to the
results obtained in the presence of various PMBF concen-
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Table 2. Electrochemical Data Obtained from Tafel Plots for C1
Various Temperatures

concn

018 in 17.5% HCI with Different PMBF Concentrations at

weight loss penetration loss  corros. rate

T Bl e A
(K) (x10°M) (mV vs. SCE) (mA cm™2) B. (mV dec™’)  (mV dec™!) (g m >day™) (mm a™") (mpy) 0 IE %
313 —360.7 + 2.6 1037 + 001  —2545 + 12 2431 + 12 2595.2 1204 4739.0
10.51 —362.4 +29 0239 +001 —391.2 + 1.3 814 + 1.5 59.9 2.8 109.5 0977 977
21.01 —370.6 + 2.5  0.194 + 0.01 —599 + 1.5 759 + 1.7 48.7 23 890 0981 981
31.52 —3494 + 3.6 0.179 + 001  —650.4 + 12 894 + 1.5 44.8 2.1 819 0983 983
42.02 —3475+31 0155 +001 —7053+16 773 +13 38.8 1.8 709 0985 985
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Figure 5. Langmuir adsorption isotherm of PMBF on C-steel in 17.5% HCI at different temperatures.

trations, the i, was the highest in the acidic blank solution at
all temperatures. As the reaction temperature was increased,

the i, increased at all tested inhibitor doses as the

temperature impact was seen. For instance, the i, values
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measured at 313 and 343 K in the presence of 42.02 X 107° M
PMBF were 0.155 and 1.15 mA cm ™2, respectively. The rapid
electrochemical reactions and metal disintegration at higher
temperatures could be the cause of the si§niﬁcant increase in
the current density (around 10 times).”” The anodic and
cathodic curves altered toward greater positive and negative
potentials, respectively, in accordance with the obtained
results, identifying PMBF as a mixed-type corrosion inhib-
itor.”” As shown in Figure 4, the anodic and cathodic curves
did not significantly change at increasing inhibitor concen-
trations. Inhibitors are described as mixed-type inhibitors
unless there is an 85 mV potential shift between the blank and
inhibited solutions, which is when they are classed as cathodic
or anodic.”®*?° Indeed, at increased PMBF concentrations, the
corrosion rates decreased, revealing a decreased affinity of
C1018 for chloride ion adsorption. The excessive accumulation
of inhibitor molecules and the resulting increase in electron
density on the surface of C1018 accounted for this decrease.
On the other hand, it was observed that at higher
temperatures, the corrosion rate increases as a result of
inhibitor molecules’ desorption from the C1018 surface.”® The
%IE was determined to be 98.50% at 313 K and 42.02 X 107°
M PMBEF inhibitor. In terms of inhibitory effectiveness and
surface coverage, larger PMBF concentrations result in greater
surface coverage because of the accumulation of inhibitor
molecules. The performance of the inhibitor was therefore
markedly improved at the highest concentration of 42.02 X
1075 M at all temperatures. Because corrosion occurs more
quickly at higher temperatures, efficiency was also reduced.
3.6. Adsorption Studies and Thermodynamic Iso-
therms. To understand the mechanism of the adsorption of
the PMBF to the metal surface, the adsorption isotherm
provides details regarding the interactions between the species
that have been attached to the reacted metal surface. The
Langmuir, Temkin, Frumkin, and Freundlich isotherms are the
most utilized adsorption isotherms. The best description of the
adsorptive behavior was found to be the Langmuir adsorption
isotherm (Figure S). Langmuir isotherm states that the metal
surface has a definite proportion of adsorption sites with one
adsorbate and “Gibbs free energy of adsorption has the same
value of sites, independent of the value of surface covera%e”.31
Equation 2 describes the Langmuir adsorption isotherm.””

C/0=1/K, +C @)

where C is the PMBF dose. K4, is the adsorptive equilibrium
constant (degree of adsorption). The strongly adsorbed
inhibitor on the metal surface is indicated by a greater value
of K4 A straight line is produced by the plot of C/€ vs. C in
Figure 5, and the regression coefficient R* is nearly 1. This
indicates that PMBF complied with the Langmuir isotherm in
the current investigation and the molecules that have been
adsorbed rarely interacted with one another. At lower
temperatures, PMBF is readily and aggressively adsorbed
onto the surface of C1018, as seen by the values of the
equilibrium constant K4, decreasing with increasing temper-
ature. The free energy of adsorption was calculated using the
relationships listed below.>

K4 = 1/55.5 exp(—AG®4/RT) (3)

AG®,4 = —2.303RT log(55.55 K, 4,) (4)

log K , = —AH,;/2303RT + AS,;/2.303R

+ log 1/55.55 (5)

The dose of H,O in solution in mol-L™" is represented by
the number 55.55 in the equations above. Table 3 presents the

Table 3. Thermodynamic Parameters AG®,q, AH® 4, and
AS° 4 of the Adsorption of PMBF on C1018 at Various
Temperatures

temp. K4 —AG°4 AH® 4 AS°® 4
inhibitor (K (M’i) (&J mol’f) (IJ mol™) (J mol™* K7V)
PMBF 313 1595.48 29.65 10.84 0.129

323 1762.88 30.87

333 1927.04 32.07

343 2326.08 33.57

results of the Langmuir adsorption isotherm. The stability of
the adsorbed layer on the metal surface and the spontaneity of
the adsorption process are both guaranteed by the negative
values of AG® 4. The general rule is that at values of AG® 4 of
up to —20 kJ mol™" a charged metal and a charged molecule
interacting electrostatically would be expected (physisorption),
while those at or above —40 kJ mol™' are linked to
chemisorption as a result of the organic molecules sharing or
transferring electrons to the metal surface to establish a
coordinate type of bond. Given that the acquired AG® 4, values
fall between the previously specified ranges, which is between
—29.65 and —33.56 kJ mol™, this indicates mixed-type
adsorption. The importance of K4 in revealing the strength
of bonding between the inhibitor and the C1018 coupon
surface was observed (is indicated). Desorption of PMBF
molecules from the surface of C1018 and a weak interaction
are found to occur from K4 decreasing at higher temperatures.
The slope of the variation of log(K,4) vs. 1/T = (—AH,4/
2.303R) is shown in Figure 6; AH, 4 was found to be 10.84 kJ

3.38
336 @
3.34
3.32

33
3.28 @
3.26
3.24
3.22

3.2 )
3.18

0.0029 0.0030 0.0031 0.0032

LogKads
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Figure 6. Plot of log K4 against reciprocal of temperature values.

mol™". The presence of a positive result for AH, 4, revealed that
the inhibitor’s adsorption mechanism is endothermic. When
comparing the two processes, physisorption differs from
chemisorption by the fact it has an exothermic value below
—40 kJ mol ™', while the adsorption heat of the chemisorption
phenomenon is about —100 kJ mol™'.>* The standard
adsorption heat used in this work AH®,4 equaled 10.84 KJ
mol ™!, suggests that physical adsorption is preferred. The
adsorption of PMBF on the surface of C1018 was associated
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Table 4. Corrosion Kinetic Parameters for C1018 in 17.5% HCI in the Absence and Presence of Different Concentrations of
PMBE
conen (X10° M) temp. (K) icom. (MA cm™) A (molecules cm™2) E,* (kJ mol™") AH* (kJ mol™) —AS* (J mol™ K1)
blank 313 10.3700 9.99319 x 10** 48.799 46.076 0.077
323 25.7400
333 39.4900
343 §5.0100
10.51 313 0.23933 2.09327 x 10* 54.792 52.069 0.090
323 0.50891
333 0.90925
343 1.5200
21.01 313 0.19441 142602 X 10% 54.812 51.689 0.094
323 0.38958
333 0.68035
343 1.23
31.52 313 0.17891 2.13143 x 10* 55.826 53.103 0.090
323 0.32041
333 0.58656
343 1.18
42.02 313 0.15536 6.73728 x 10% 59.105 56.382 0.081
323 0.31134
333 0.57785
343 1.18
with a decrease in system order, according to the positive value 0.5 o blank
of standard adsorption entropy. o © 10.51%10-5 M
3.7. Corrosion Kinetics Studies. PDP measurements 21.01%10-5 M
were performed in the temperature range of 313—343 K 0.5 ©31.52*10-5M
without and with various PMBF concentrations in order to ©42.02*10-5M
examine the impact of temperature on the inhibitory efficiency -1 -
of PMBF. The Arrhenius equation (eq 6) is the formula used E
to calculate the activation parameters of the dissolution S -1.5 ®
process. Also, eq 7 for the transition state was utilized:*® 2 5
log(i.,,) = log A — E,/2.303RT () 25 | =
\
. * -3 \
log(i.../T) = log(R/Nh) + AS™/2.303R ‘
% 35 |
— AH"/2.303RT (7) 2.9E-03 3.0E-03 3.1E-03 3.2E-03
1/TK-1)

where i, is the corrosion current, E* is the energy of
activation, R is the universal gas constant (8.314] mol™! K1),
T is the temperature in K, A is the Arrhenius factor, h is
Planck’s constant (6.626 X 107**J-s), N is Avogadro’s number
(6.022 x 1023 mol™'), AH* is the activation enthalpy, and
AS* is the entropy of activation. The logi., vs. 1/T plot
revealed a linear relationship with a slope of (—E,*/2.303R)
and an intercept of the extrapolated line of logA. Table 4
illustrates the results. From the plots of logi /T vs. 1/T,
straight lines were obtained, which are presented in Figure 7
with a slope of (—AH*/2.303R) and an intercept of [log(R/
Nh) + (AS*/2.303R)], which were used to calculate the values
of AH* and AS¥, respectively. Figure 8 provides the Arrhenius
charts for a temperature range of 313—343 K in 17.5% HCL
Based on the corrosion current measured values determined
from polarization curves at various temperatures with and
without of PMBF as a corrosion inhibitor (Arrhenius and
transition states were applied).*®

According to the activation kinetic parameters, at increasing
inhibitor concentrations, the activation enthalpy increased,
indicating a decrease in the corrosion rate. The higher
activation energy values point to physisorption of the PMBF
species onto the surface of C1018, allowing the corrosion

Figure 7. Transition state plot for C1018 in 17.5% HCI in the
presence of different doses of PMBEF.

2.9 e blank
® 10.51*10-5 M
2.4 21.01%10-5 M
©31.52%*10-5 M
1.9 ® 42.02*10-5 M
1.4 3
= o9 “
K=
2 04
-0.1
-0.6
-1.1 }
2.9E-03 3.0E-03 3.1E-03 3.2E-03
1/T(K-1)

Figure 8. Arrhenius plot of C1018 in 17.5% HCI contains different
concentrations of PMBF at different temperatures.
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Figure 9. (3, b) SEM micrographs of C1018 in a 17.5% HClI solution at 313 K: (a) without PMBF and (b) in the presence of PMBF.

process’s energy barrier to increase. The endothermic nature of
the disintegration of C1018 is indeed reflected in the positive
value of AH*. The negative values of AS* indicated that a
larger order was created throughout the activation process.
This can be accomplished through the production of an
activated complex, which stands for association or fixation and
results in a decrease in the system’s degrees of freedom.

3.8. Scanning Electron Microscopy (SEM) Analyses.
Figure 9a,b shows the SEM images of C1018 that corroded in
17.5% HCl with and without the PMBEF inhibitor. The
corroded surface of C1018 is demonstrated by the acid-dipped
coupons (Figure 9a). The damaged body is evidence that
hydrochloric acid has dissolved the iron that was present on
the metal surface. In addition, the eroded holes can be found
throughout the entire sample, verifying the acid attack on
C1018. In contrast, a packed film layer was produced, as shown
in Figure 9b, due to the adsorption of the layer by the synthetic
PMBEF inhibitor; the surface was smooth and free of pits. The
inhibition process is made possible by the formation of a
protective surface by the inhibitor on the metal surface. Hence,
the inhibitor actively prevents acid corrosion from occurring
on the C1018 surface.

3.9. Atomic Force Microscopy (AFM) Analyses. As
shown in Figure 10a,b, using three-dimensional (3D) AFM,
the surface roughness and topography of the C1018 coupons

were examined. Characterization approaches at the nanoscale
level. AFM is a reliable tool for quantifying surface roughness
and assessing the effectiveness of corrosion inhibitors. Figure
10a depicts the pitted, corroded metal surface immersed in a
17.5% HCI solution without the PMBF inhibitor. In this
situation, the R (root-mean-squared roughness), R, (average
roughness), and P—V (maximum peak-to-valley) height values
observed for the C1018 surface are 68.25, 53.05, and 46.18 nm,
respectively. These results imply that C1018 surface immersed
in 17.5% HCI; has a rougher surface because it corrodes in an
acidic environment. The C1018 surface following immersion in
an acidic liquid containing 17.5% HCI is depicted in Figure
10b. The C1018 surface’s R, R, and P—V height values are
32.77,24.28, and 31.37 nm, respectively. The R, R,, and P—V
values were comparable to those in an uninhibited environ-
ment; height values were significantly lower in an inhibited
environment. These parameters demonstrate a smoother
surface due to the compact protective film of the Fe**—
PMBF complex that forms on the metal surface and smoothens
its surface and then prevents C1018 from corroding.

3.10. Quantum Chemical Calculations. Quantum
chemical calculations have a significant impact on the design
and development of corrosion inhibitors. The distribution of
electrons and the molecule shape were precisely determined by
the DFT theory. Quantum chemical computations were used
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Figure 10. AFM images of the surface of (a) C1018 immersed in 17.5% HCI (blank) and (b) C-steel immersed in 17.5% HCl + PMBF inhibitor.
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Figure 11. Frontier molecular orbital diagram of the investigated compound and optimized structure.

in this study to analyze the corrosion characteristics of an
inhibitory molecule and the interaction between a metal.
Quantum chemical descriptors, such as energy of the highest
occupied molecular orbital (Eyoyp) and energy of the lowest
unoccupied molecular orbital (E; o), are popularly used, as
shown in Figure 11. As shown in Table S, the investigated

inhibitor possessed the highest HOMO level energy at —4.278
eV and the lowest LUMO level energy at —1.102 eV in the
protonated form, but in the case of the gas form, it had
HOMO level energy and LUMO level energy at —3.121 and
—1.322 eV, respectively. This illustrated that the inhibitor in
the protonated form has high reactivity than in the gas form,
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Table S. Quantum Chemical Parameters of the Inhibitor in
Protonated and Gas Forms

forms of the dipole
inhibitor Exomo Eiomo AE = Ejymo — Enomo ~ moment
protonated —4278  —1.102 1.588 9.231
form
gas form =3.121 —1.322 1.799 9.111

producing high inhibitor efficiency. Several studies reported
that lower AE values are associated with greater inhibitory
efficacy. Through this result, the investigated protonated
compound has low energy gap than in the gas form, which
protects the metal from corrosion to a large extent in the
protonated form. An aqueous solution of the inhibitor has
dipole moments of 9.231 and 9.111 in protonated and gas
forms. Strong dipole—dipole interactions with the C1018
surface are attributed to the inhibitor’s high dipole moment. It
is possible that the inhibitor increases the inhibition sites on
the C1018 surface in a corrosive medium (15%).

3.11. Electrostatic Potential (ESP) Maps. According to
Figure 12, the studied inhibitor has a transparent surface for
total electron density and electrostatic potential (ESP)
mapping. Sites and centers with negative and positive
potentials were found using ESP pictures. A green-blue region
corresponds to a positive potential that receives electrons from
the metal surface, whereas a red-yellow region corresponds to a
negative potential as oxygen atoms are responsible for donating
electrons to the metal surface.

3.12. Monte Carlo Simulations. The inhibitor was
preferentially adsorbed with the majority of the heteroatom
parallel to Fe, as seen in the top and side views (Figure 13, left
and right panels, respectively) (1 1 0). Thus, the surface area of
contact between the inhibitor and Fe is increased (1 1 0).
Larger molecules have greater surface areas, which would
improve the effectiveness of their inhibition. As seen in Table
6, the inhibitor’s negative adsorption energy points to stable/
strong adsorption and chemical interaction with Fe(1 1 0). As
electrons are given to the vacant d-orbitals of iron and oxygen
and nitrogen atoms, protective coating forms on the metal
surface (1 1 0). Also, we looked into stable adsorption
arrangements of the compound under study on Fe(1 1 0) in
the aqueous phase in gas and protonated forms. We concluded
that adsorption is the mechanism through which corrosion
inhibitors interact with metals based on the results shown in

Figure 13 and Table 6. As a result, we concluded that the
tested inhibitor would probably create a stable adsorption layer
and guard Fe against corrosion.

3.13. Mechanisms of Corrosion. As already stated,
adsorption on the metal surface is the initial step in an
inhibitor’s action mechanism in corrosive conditions. A few
factors that affect adsorption include the inhibitor’s chemical
composition, the metal’s nature and surface charge, the
quantity and variety of adsorption sites, the type of aggressive
electrolytes, and the interaction of the inhibitor’s organic
molecules with the metallic surface.”” It is important to keep in
mind that C1018 has a positive surface charge under acidic
conditions*®*~** due to E_,, — E,=0 (zero charge potential) >
0,*" which should typically prevent the adsorption of
protonated species, which predominate for PMBF in acidic
media. However, the capacity of some anions in solution (CI~
and Br™) to become specifically adsorbed on the positively
charged metal surface is a crucial factor since the resulting
surface charge modification greatly changes the nature of
metal—inhibitor interactions. As a result, the surface of C1018
becomes negatively charged due to the selective adsorption of
chloride and bromide ions. The dipoles of the surface
compound are oriented with their negative ends toward the
solution, preventing the acid solution from attaching directly to
the C1018 surface, and ionized PMBF readily reaches the
surface of the metal by electrostatic attraction. In order to
connect the metal surface with PMBF, chloride and bromide
ions serve as adsorption mediators. As a result, a composite
adsorption film is created, with chloride and bromide ions
sandwiched between the positively charged inhibitor compo-
nent and the metal. This film works as a barrier facing the
corrosive process. Also, it was revealed that the inhibitory
efficiency decreases with increasing experimental temperature,
as previously reported,”” which indicates that higher temper-
atures can promote desorption of PMBF from the C1018
surface. Additionally, the tested inhibitor’s electronic oxygen
(O) doublet and the iron atoms’ vacant orbitals can form
coordination bonds, which strengthen the chemical adsorption.
This is known as the “donation effect,” which makes it possible
for the tested inhibitor’s oxygen (O) electronic doublet to bind
to the iron atoms’ vacant orbitals. Scheme 2 represents the
schematic representation of this mechanism.

Gas Form

Protonated Form

Figure 12. Transparent surface for ESP mapping of the investigated compound in gas and protonated forms.
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Protonated Form

Gas Form

Figure 13. Most stable adsorption configuration for the studied inhibitor for Fe(1 1 0) in the aqueous phase.

Table 6. Parameters of Molecular Dynamic Simulations for
the Studied Inhibitor on the Fe(1 1 0) Surface Obtained
Using Monte Carlo Simulations

structure

Fe(1 1 0)-1
protonated
form-1

Fe(1 1 0)-1 gas
form

B Eqet
(K mol™)  (kJ mol™)
—2282.548 71.369

E4
(kJ mol™")
—2211.179

Etot
(IJ mol™")
—2210.513

—2177.205 2557.613 —2300.350 —257.263

Scheme 2. Mechanism of Corrosion Inhibition
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4. CONCLUSIONS

(1) The findings of the current investigation have shown
that PMBF is an effective corrosion inhibitor for C1018
in a solution of 17.5% M hydrochloric acid.

(2) The corrosion inhibition efficiency increases with
increasing inhibitor concentration and decreases by
increasing the temperature.

(3) According to PDP measurements, PMBF functions as a
mixed-type inhibitor, delaying both anodic and cathodic
processes without altering the corrosion mechanism.

(4) The adsorption of PMBF on the C1018 surface obeys
the Langmuir adsorption isotherm.

(5) The highest corrosion protection efficiency is approx-
imately 98.79% at 323 K and 42.02 X 10° M
concentration of PMBF.

(6) Electrochemical measurements and surface analyses
show good agreement.
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