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ARTICLE INFO ABSTRACT
Avrticle history: The detrimental impact of corrosion on industrial metals, especially mild steel under
Received February 24, 2024 acidic conditions, underscores the need for the development of effective corrosion
Revised October 2, 2024 inhibitors. In the present work, a new anticorrosion chemical named 2-(2-anthracen-9-
Accepted October 7, 2024 yl)-3-chloro-4-oxoazetidin-1-y1)-1- methyl-1H-imidazol-4(5H)-one (AOMI) was
Available online December 1, 2024 synthesized, identified, and assessed for the protection of low-carbon steel corrosion in
Keywords: one molar h_ydrochloric acid solutiqn. Experimental procedures included weight loss,
Steel electrochemical, surface morphological, FTIR, 1H NMR, and hardness measurements,
. while computational analyses involved quantum chemical calculations. The
Synthe_5|s investigation revealed that AOMI significantly reduced corrosion rates with maximum
Corrosion inhibition efficiencies of 90% at 80 ppm and 60 °C. A spontaneous monolayer was
g‘lr:‘_'lfmor formed on the metal surface. The adsorption of this layer was according to the Langmuir

isotherm. SEM and AFM images showed the presence of the protective layer. The
SEM experimental results were validated by computational simulations, which showed that
bonds were formed with the mild steel surface.

1. Introduction corrosion protection systems have been the
_ S . focus of a concentrated effort to solve this

In the oil and gas sector, acidizing oil wells is expensive and  unwanted  phenomenon.

a common procedure that is often used during Conventional methods, such cathodic protection
drilling and pipeline and  equipment and protective coatings, have been studied but
transportation [1]. Mineral acids, such as g occasionally limited by their high labour and
hydrochloric acid and sulfuric acid, are usually cost associated with them [5]. Considering these
used in this procedure at concentrations between issues, the development of a new, eco-friendly
15 to 28% [2]. Because carbon steel alloys are organic compound as a corrosion inhibitor is a
inexpensive, mechanically strong, ductile, and potential workaround. By creating protective
hardenable, they are widely used in industrial barriers on steel surfaces, this technique has
applications [3]. On the other hand, the use of  peen effective in prolonging the life of the
aggressive solution, such as acids may cause metals. Strong interaction with the iron atoms is
damages to the steel surfaces [4]. Effective made possible by the unique structures of the
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organic molecules (presence of heteroatoms) [6,
7].

According to the literature, the use of
heterocyclic organic corrosion inhibitors was a
significant was for corrosion control. The action
of heterocyclic compounds can be achieved
through adsorption on metal surfaces, which
isolates the latter from the corrosive solution [8,
9, 10]. Several factors may affect the adsorption
process, such as the corrosion inhibitor nature,
metal nature, and surrounding conditions [11].
One can find inhibitors from a number of
sources, such as chemical providers, expired
pharmaceuticals, natural plant extracts, etc.
Synthesized organic molecules represent one of
the  most significant, effective, and
straightforward sources [12]. The majority of
organic chemicals with multiple bonds, oxygen,
sulfur, nitrogen, and phosphorus had strong
inhibitory effects. The bulk of potent inhibitors,
as per the literature, are heterocycles featuring
unsaturated (double and triple) bonds and
functional groups [14]. In general, heteroatoms'
electron-rich cores actively engage in the
binding process with the metallic surface.

Imidazole and its derivatives have recently
received an attention due to low cost, solubility
in water, and ease of synthesis.

The aim of the current work is to synthesis a
new imidazole derivative, which can be used as
a corrosion inhibitor for low-carbon steel in a
hydrochloric acid solution. The effectiveness of
2-(2-anthracen-9-yl)-3-chloro-4-oxoazetidin-1-
y1)-1-methyl-1H-imidazol-4(5H)-one (AOMI)
was examined through both theoretical and
experimental investigations.

2. Experimental work
2.1 Synthesis of the inhibitor

A full procedure for the synthesis process
was given in details in our previous work with
some exception in the raw materials [13].
C21H16N3O2Cl was the chemical formula of
AOMI (molecular weight was 377 g/mol, 80%
yield, 224-226 °C melting point (measured by
capillary method), and yellow color. Figure 1,
shows a schematic diagram of the synthesis
process.
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Figure 1. Scheme of the synthesis process of AOMI
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2.2 Mass loss and electrochemical tests

ASTM 283/C mild steel was used as
samples. It has the following chemical
compositions (wt.%): 0.11 C, 0.32 Mn, 0.06Al,
0.029 Si, 0.05 Cu, and Fe is the balance. A
concentrated hydrochloric acid (32%) was used
to prepare 1M acid, which is used as a corrosive
solution. The mass loss, open circuit potential
(OCP), potentiodynamic polarization (PDP),
and electrochemical impedance spectroscopy
(EIS) were the main corrosion measurements.
They used to determine the corrosion rates and
other electrochemical parameters. In the mass
loss (sometimes called weight loss) technique,
ASTM 283/C mild steel samples were cut in the
dimensions (in centimeters) of 3x1x0.1 to give
an average surface area of 6.8 cm? To get a
smooth surface, ASTM 283/C mild steel
samples were cleaned and prepared as
mentioned in our previous work [13]. In
addition, all setting of apparatuses, such as a
scan rate (1 mV/sec) and the scan range (-250 to
+250 mV) of PDP method, and the frequency
range (100 kHz to 10 mHz with a perturbation
amplitude of 10 mV at stable OCP) for EIS were
also given in details in our previous work [13].
Z-View software was then utilized to assess the
EIS data using an equivalent electrical circuit
model.

2.3 Surface and corrosive solution tests

The surface testes were for polished,
uninhibited solution, and inhibited with 80 ppm
of AOMI (at 60 °C). The tests included, x-ray
diffraction (XRD), atomic force microscopy
(AFM), scanning electron microscopy (SEM).
In addition, the film thickness and roughness

tests were conducted using a coating thickness
meter (MCTM) (REED Instruments Analytial-
China) and the surface roughness was evaluated
using the Hobson-Taysurf device (UK). The
hardness test were subjected to the Vickers
microhardness apparatus using the optical
microscopy (LARYEE equipment, Germany).
The highest load is 9.8 Newtons, the
magnification was 100X, the indentation length
was measured as the mean of two readings, and
the maximum load was maintained for 20
seconds per reading. The hardness of the metal
surface was measured at three conditions: before
immersion, after immersion for three hours in an
uninhibited corrosive solution, and after dipping
for three hours in the presence of 80 ppm of
AOMI.

For the structure of inhibitor and
solution tests, FTIR, HNMR, and UV-vis
spectra were achieved.

3. Results and discussion
3.1 Characterization of AOMI

FTIR spectrum of AMOI was shown in
Figure 2A. The stretching vibration bands that
correspond to 3440, 2930, 1688, 1686,1650,
1611, and 1551 1/cm. This may be due to OH
bond, CH in aromatic, CO double bond in cyclic
amide, CN double bond, and CC double bond in
the aromatic, respectively [15]. The *HNMR
spectra of AOMI (Figure 2B) showed signals at
d (1.16, 2.88) ppm of (t,6H, 20CH3) ;6 (2.39,
2.62) ppm of (s,3H, N-CHa); 6 (2.95, 3.36) ppm
of (s, 2H, CH2-C=0), & (6.67-8.26) ppm of
(m,2H, aromatic ring) and & (4.10) ppm of
(s,1H, OH) [16]. In addition, there is a signal at
d (2.52) ppm due to the solvent [13].

3—iA
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Figure 2. Diagnosis of AOMI (a) FT-IR (b) *H NMR

3.2 Weight loss results

According to Eq. 1 [17], the difference of a
mass (AW) is divided by the surface area of the
mild steel sample (A) and time of the test (t).
Furthermore, the corrosion rate in the inhibited
acidic solution (CR™) and uninhibited one
(CR*™) (Eg. 2) can be used to evaluate the
inhibitor's performance (%IE,,) [18]. The
outcomes are displayed in Table 1. It is clear that
the corrosion rate increased with temperature

and decreased with the inhibitor concentration.
The development of a protective layer on the
metal surface may be the cause of the corrosion
rate decrease when AOMI is present.

CR = W
AXt

1)
)

%IE, = x 100

Table 1: Corrosion rate outcomes from the mass loss tests as a function of temperature and AOMI concentrations

Test no. Caromi (ppm) T (°C) C.R.(g.m?%day?!) Surface coverage (0) %IEw
1 30 131.23 - -
2 40 315.45 - -
3 Blank 50 627.43 . .
4 60 1614.34 - -
5 20 63.32 0.51 50.12
6 40 30 55.73 0.57 57.55
7 60 39.42 0.69 69.97
8 80 39.52 0.72 72.18
9 20 91.32 0.71 71.05
10 40 40 59.45 0.81 81.15
11 60 53.31 0.83 83.11
12 80 46.71 0.85 85.19
13 20 161.31 0.74 74.29
14 40 50 102.21 0.84 83.70
15 60 82.41 0.86 86.86
16 80 78.21 0.87 87.53
17 20 363.21 0.77 77.50
18 40 60 258.21 0.84 84.00
19 60 209.23 0.87 87.01
20 80 175.68 0.90 90.00
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3.3 Influence of temperature and activation
parameters

Temperature is a significant element in the
corrosion process because it determines the rate
at which chemical reactions occur. As shown in
Figure 3, the influence of temperature in the
uninhibited and inhibited 1M HCI was
illustrated in term of Arrhenius equation (Fig.
3A) and transition-state equation (Fig. 3B) [19].
Table 2 presents the parameters derived from
Figure 3.

CR = Aexp (_Rb;“) 3)
CR = grexp (32) exp (£72) @

In these equations, A, Ea, R, T, h, N, AHa and,
ASa represent the pre-exponential factor,
activation energy, gas constant, absolute
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temperature, Planck's constant, Avogadro's
number, activation enthalpy, and activation
entropy, respectively. As can be observed,
adding AOMI causes the activation energy to
drop in comparison to the control. Furthermore,
the endothermic nature of the dissolving process
is represented in the positive activation
enthalpy. The entropy of activation in the
presence of AOMI is large and negative,
showing that disorder decays during the
adsorption on the metal surface [20].
Furthermore, in the inhibited solutions
compared to the uninhibited solution, AS,
values are more positive. This result is explained
by the chemical substitution mechanism that
occurs during inhibitor adsorption on the steel
surface [21].

15 B “e._ Blazk (IMHCI)
. 20 ppm AOMI
.. 40 ppm.

1.0 " 60 ppm
" 80 ppm

2.95 3.00 3.05 3.10 315 3.20 3.25 3.30 3.35
(1000/TY(K ™)
b)

Figure 3. A-Arrhenius plots. B- Transition state plots.

Table 2: Parameters of activation for the corrosion of mild steel in 1M HCI in the absence and presence of AOMI

Caowmi (ppm) A (gmd) Ea (kJ/mol) AHa (kJ/mol) ASa(J/mol.K)
Blank 2.2x10° 51.88 65.78 -181.65
20 7.2x102 40.15 46.78 -192.24
40 4.7x10? 35.78 41.60 -195.67
60 3.0x102 30.62 36.66 -199.51
80 1.8x102 24.05 27.69 -205.02
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3.4 Influence of inhibitor concentration and
adsorption parameters

The adsorption process of inhibitor is very
important to understand the mechanism of the
inhibition. Several adsorption models are fitted
to surface coverage data (6=%IEw/100), which
obtained from the weight loss test. Freundlich,
Flory-Huggins, EI-Awady, and Langmuir
models were used to check the best model [22—
25]. According to the graphical representation
(Figure 4) and correlation coefficient (R?), the
best fit was according to the Langmuir
adsorption isotherm (Eg. 5).

c_ 1
- +C (5)

Kads

Kads is the equilibrium constant (adsorption
constant). Furthermore, AGads, AHads, and ASads
for the adsorption process were computed using
Eq. 6, Eq.7 (Fig. 5A), and Eq. 8 (Figure 5B),
respectively [26].

1 ~AGggs
Kaas = =55 oXP (Td) (6)

0.32

A
InKgus = — % + constant (7)

AGggs = AHgqs — TAS g4 (8)

All data was collected in Table 3. The best fit
was according to the Langmuir adsorption
isotherm. Temperature-dependent increases in
Kads Values indicate improved adsorption at high
temperatures. The range of Gibbs free energy
(AGads) is between -40 and -20 kJ/mol,
suggesting that AOMI spontaneously adsorbed
through both chemical and physical adsorption
on the mild steel surface [27]. The values of the
entropy and enthalpy of adsorption were 0.121
J. molt.K?! and 35.272 kJ mol™, respectively.
The adsorption of AOMI is an exothermic
reaction, as indicated by the negative sign of the
adsorption enthalpy. The entropy of adsorption
was negative and it agreed with some literature
values [28]. Thermodynamic principles also
dictate that since adsorption was an exothermic
process, there had to be a decrease in entropy.
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Figure 4. Langmuir adsorption isotherm.
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Figure 5. (A) The VanHoff plot and (B) Heat of adsorption.

Table 3: Parameters of adsorption of AOMI on mild steel surface in 1M HCI

T Kads RZ AGads AHads ASads
(K) (M) (kJ.mol %) (kJ.mol %) (kJ.mol1.K?Y)
303 20.98 0.9935 -25.07
313 64.54 0.9999 -28.82
35.272 0.121
323 73.89 0.9999 -30.10
333 79.74 0.9999 -31.24

3.5 Electrochemical results

The OCP variation with time is displayed in
Fig. 6A. After around 60 minutes, the steady-
state potential was attained. A Tafel curve (Fig.
6B) can be used to illustrate the relationship
between the over potential and the logarithmic

current density. The extrapolation method can
then be used to calculate the Tafel slopes (Ba and
Bc), corrosion potential (Ecorr), and corrosion
current density (lcorr) [29, 30]. Furthermore, Eq.
9 was utilized to compute the inhibitory
efficiency (%IEp) of the AOMI. The corrosion
current densities (icor) in the presence and
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absence of AOMI are denoted by the variables
¥ and i, in Eq. 9. Table 4 contains all of
the electrochemical characteristics gathered
from the Tafel and OCP plots.

%WIE, = llu;nl x 100 (9)
The addition of AOMI only slightly altered the
Tafle anodic and cathodic slopes [31].
Corrosion current density degreased in the
presence of 80 ppm of AOMI, accounting for
89.12% of inhibitory efficiency. %IEp was in
good agreement with weight loss inhibition
efficiency (%IEw equal to 90.00% at 80 ppm and
60 °C). The Ecorr Value is used to determine the
type of corrosion inhibitor. If the Ecorr value is
larger than 85 mV relative to the blank solution,
the inhibitor operates as either a cathodic or
anodic type, whereas a value less than 85 mV
acts as both. In the current investigation, the

-350

difference between Ecor of the inhibited and
uninhibited solution is 45.7 mV (Table 4),
indicating a mixed-type inhibitor [32-36].
Figure 6C and D are the Nyquist and Bode
graphs. Furthermore, Eq. 10 was utilized to
compute the inhibition efficiency (%IEg) of the
AOMII. The resistance of the charge transfer in
the presence and absence of AOMI are
represented by R%"* and R, respectively, in Eq.

10. Table 5 shows all electrochemical
parameters.
%lEp =~ x 100 (10)

ct

Evidently, the inclusion of AOMI causes the
Ret to rise from 12.09 to 106.05 Q.cm? A
protective coating has formed due to adsorption
od AOMI on the metal surface, as indicated by
the Cq decreasing.
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Figure 6. Electrochemical representations (a) OCP, (b) PDP, (c) Nyquist (d) Bode & phase angle plots of experimental
data. (All for mild steel in 1 M HCI without and with 80 ppm AOMI at 60 °C).

Table 4: PDP parameters.

OCP

ECOFF ICOI‘I‘

Be

Inhibitor %IEp
(mV) SCE (mV)SCE (nA/em? (mV/dec) (mV/dec)
Blank -419.5 -417.6 6457.4 -110 71 -
AOMI -371.59 -371.82 702.72 -228 68 89.12
Table 5: EIS parameters.
o Rs Ret Cal
Inhibitor %IEe
(Q.cm?) (Q.cm?) (uF.cm?)
Blank 0.71 12.1 101 -
AOMI 0.696 106.05 49.57 88.60
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3.6 Surface morphological results

Figures 7A, B, and C show SEM graphs. In
Figure 7A (samples before test), the surface
appeared undamaged. In Figure 7B (1M HCI for
3h at 60 °C), severe corrosion was observed. In
Figure 7C (1M HCI+80 ppm AOMI for 3h at 60
°C) an improvement in surface was observed.

Figure 8 showed AFM images under same
conditions of SEM. Table 6 lists the AFM
parameters. These parameters were arithmetic
mean height (Sa), maximum height (S;), and
root mean square height (Sq). Sq, Sz, and Sa
measured 11.96, 54.61, and 9.95 nm, for cas A,
B, and C, respectively, in the polished sample.
In the blank answer, the numbers increased by
68.5, 86.1, and 65.6%, respectively. However,

SEM HV: 20.0 KV Det: SE

SEM HV: 200 kV Det: SE |
SEMMAG: 200 x  Date(midiy): 02/27/24 200 pm

SEM MAG: 200x  Date(midly): 02127124 200 ym

A

due of the inhibitor molecules' adsorption on the
metal surface, the surface values.

Figure 9 shows the XRD spectra at the same
conditions of SEM and AFM. In the case of a
bare or polished mild steel surface, the
diffraction peaks at about 44° and 65° were
attributed to iron peaks. Moreover, the peak
around 30° was observed in the case of mild
steel immersion in blank solution, which is
related to the formation of the oxide films on the
metal surface [37]. On the other hand, no
diffraction peaks were mentioned for the mild
steel immersion in the inhibited solution, and the
oxide layer was suppressed. These results
highlight how the AOMI inhibitor forms a
protective coating on the metal surface, so
minimizing the corrosive solution attack.

SEM HV: 20.0 kV Det: SE | | NanoLAB-MOST]
SEM MAG: 200 x  Date(m/dly): 02/27/24 200 pm

C

Figure 7. The SEM images (A) Polished before test (B) 1 M HCl alone (C) 1 M HCI + 80ppm AOMI at 60°C.
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Figure 8. AFM images. A) Polished samples. B) After immersion for 3 h in blank 1M HCI at 60 °C. c) After 3h
immersion in the presence of 80 ppm AOMI at 60 °C.

Table 6: Parameters of AFM for mild steel surface at different conditions

Case Sq (NmM) Sz (nm) Sa (NmM)
Before test 11.96 54.61 9.95
1M HCI 38.01 393.1 28.91
80 ppm AOMI+1M HCI 25.11 145.2 19.97
T = AOMI
- A Blank
>
LB
=
2
)
=
| | L Polished
20 30 40 50 60 70 80
2(degree)

Figure 9. XRD Surface images after 3h corrosion exposure of mild steel (A283/C) (A) in 1 M HCI solution at 60 °C, 80
ppm for a polished sample before corrosion run, without inhibitor, and with AOMI
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immersion is 3.55 to 4.54 units. However, after

three hours of immersion in 1M HCI, the
As illustrated in Figure 10, UV-Vis spectra spectrum of absorption was lower. This can be

were obtained both before and after three hours attributed to the interaction between the mild

of dipping. The range of the absorption unit in steel surface and AOMI [38].

the AOMI absorption spectrum prior to

3.7 Uv-vis results

7 '“ AOMI+1M HCI1 before immersion
5] lel
& v
2 24 I,I
S
@ |
2 | \
[ \ AOMI+1M HCI after immersion
| \ JE—
o™ L —

] T T T T T T T T 1
200 300 400 S00 800 TOO 800 900 1000 1100 1200
wavelength cm™’

Figure 10. UV-spectra of AOMI + 1M HCI.

convergence. Figure 11 displays the distribution
of the optimized structure, density maps,

ArgusLab website software was used during HOMO, and LUMO. The nearly uniform
calculations. Geometry and energies were distribution implies that the molecule might
optimized based on Austin Model 1 (AM1), 200 readily adhere to the surface of mild steel.
maximum iterations, and 10° kcal/mol

3.8 Quantum chemical and theoretical results

Figure 11. Quantum chemical illustrations of AOMI. (A) Optimized molecular structure, (B) Density map molecular
distribution, (C) HOMO molecular distribution, and (D) LUMO molecular distribution.

191



Diyala Journal of Engineering Sciences Vol (17) No 4, 2024: 180-196

A number of quantum chemical data were
determined and compiled in Table 7, including
the heat of formation (AHy), dipole moment (u),
proportion of electron transfer (AN), energy gap
(Egqp), lowest unoccupied molecular orbital
energy (E.ymo), and the highest occupied
molecular orbital energy (Exomo)- The Erymo
and Eyomo Values indicate how well a molecule
can take in and give away electrons. Put
differently, an inhibitor that has a higher Eyomo
has a higher probability of transferring electrons
to the appropriate d-orbital of the metal. On the
other hand, if an inhibitor has a lower E; 0, it

means that during the back-donation process,
The molecule is more probable to allow
electrons from the metal orbitals. The
relationship between the energy of the border
molecular orbital and corrosion inhibition
efficacy may be better understood using the
energy gap [39]. The correlation between the
Eg4qp Value and the molecular capacity to halt
corrosion is inverse. The denser adsorption and
the greater the corrosion inhibition effect, the
smaller the energy gap [40-44]. For AOMI, the
gap value is 9.012 eV.

Table 7: AOMI quantum chemical parameters

Enxomo (eV)

ELumo (eV)

-9.611

3.9 Mechanism of inhibition and comparison
study

The electrochemical investigations
demonstrated that AOMI acted as a mixed-type
inhibitor. It had an effect on both cathodic and
anodic  reactions.  Furthermore, it was
determined that the inhibitory process was
caused by the formation of a protective layer on
the surface of mild steel. AOMI molecules
adsorb onto mild steel surfaces, preventing
corrosive species from making contact with the
metal. In acidic conditions, the positively
charged mild steel surface interacts
electrostatically ~ with  cationic  inhibitor
molecules. Furthermore, chloride ions from HCI
acid aid the adsorption process by producing a
Fe-Cl- layer (physical adsorption) [45]. In

Egap (EV)
-0.598 9.012
addition to electrostatic adsorption, the

inhibitors probably establish strong covalent
bonds (chemical adsorption) with the mild steel
surface.  Quantum  chemical theoretical
calculations confirm this proposed mechanism.
The carbonyl groups (C=0), nitrogen, and
oxygen atoms appear to have a particularly
strong bonding affinity [46]. Figure 12 explains
a simplified illustration of the proposed
inhibition mechanism of AOMI molecules on
the mild steel surface in HCI acid.

Imidazole derivatives were widely synthesized
and used as corrosion inhibitors [47, 48]. Many
studies in the literature demonstrate great
performance for imidazole derivatives with a
high percentage of the inhibitory efficiencies
(around 95%) [49-51]. Therefore, AOMI shows
a significant protection efficiency as compared
with others imidazole derivatives [52, 53].
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Chemical adsorption

Physical adsorption

Figure 12. The proposed inhibition mechanism of AOMI molecules on the mild steel surface in HCI acid

Conclusion

Over the implementation of experimental
theoretical techniques, the following

conclusions were obtained:

1.

It was found that the corrosion rate of the
mild steel in hydrochloric acid increased
with temperature and decreased with
inhibitor concentration.

Weight loss data showed that AOMI can
successfully adsorb at the metal/solution
interface, thus decreasing the mild steel
corrosion caused by HCI. The adsorption
process was according to the Langmuir
monolayer adsorption model.

Maximum corrosion inhibition efficiency
was 90%at 80 ppm and 60 °C.

. The electrochemical measurement results

show that AOMI is a significant mixed-type
corrosion inhibitor in a mild steel and
hydrochloric acid system.

The quantum chemical computations
served as an effective theoretical instrument
to validate the experimental results.
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