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ABSTRACT

The potential of an environmentally friendly novel synthesized and characterized isoxazoli-
dine derivative namely 5-(4-dodecyloxy-3-methoxybenzyl)-2-methylisoxazolidine (DMBMI)
as anticorrosion agent for carbon steel in 1 mol/L HCl solution was investigated using gravi-
metric and electrochemical techniques. Kinetics parameters of the corrosion process and
the thermodynamic data of adsorption of the organic molecule on the carbon steel surface
was also assessed in order to characterize the performance of the studied compound as a
corrosion inhibitor. The solubility, toxicity and the state of the molecule at the acidic pH
(1 mol/L HCI]) was predicted. It was found that the synthesized compound is green (envi-
ronmentally friendly) with an optimum solubility of 23.8 mg/L. Also the molecule exists
100 percent in protonated form in 1 mol/L HCl (pH=0). The molecule possesses anticorro-
sion property against steel corrosion in acid environment. Corrosion retardation efficacy is
dependent on concentration and temperature. DMBMI exhibited concentration dependent
corrosion inhibition ability influencing mainly anodic metal dissolution based on potentio-
dynamic polarization data. Addition of KI through the mechanism of competitive adsorption
enhanced the inhibition efficiency considerably. The active sites for the interaction of DMBMI
with steel surface was calculated using quantum chemical method while the adsorption
energy between the inhibitor and steel surface was derived via Monte Carlo simulations.
Results from theoretical studies and surface analysis are in conformity and reveal that the
O and N heteroatoms in the synthesized molecule are the interaction centers.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

* Corresponding author.

E-mail: umoren@kfupm.edu.sa (S.A. Umoren).

1. Introduction

Mineral acid solutions are widely deployed in many industrial
processes. One of such processes is acid pickling, a process
of getting rid of surface impurities from ferrous and non-
ferrous metals. Since acid solution is corrosive, it is customary
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2238-7854/© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1 - Requirements for corrosion inhibitors developed in the present time.

> Biodegradation > 70% in 28 days

» Excellent solubility

» Bioaccumulation log Po/w <3

» Toxicity > 10 mg/L (LDs or LCso)

Criteria to estimate toxicity (LDsg or L.Csg)
Criteria Category
1 2 3 4 5
Oral (mg/kg) 5 50 300 2000 5000
Dermal (mg/kg) 50 200 1000 2000
Gases 100 500 2500 20000
(mg/L/4h)
Vapors 0.5 2 10 20
(mg/1/4h)
Dust & Mists 0.05 0.5 1 5
(mg/1/4h)
Summary of category
Category 1 Category 2 Category 3 Category 4 Category 5
NO SYMBOL
' May be Harmful if
DANGER DR DANGER (&) swallowed
Fatal if Fatal if swallowed | Fatal if “a”ﬁ’ﬁ“ i;
swallowed swallowed swalowe
= A green inhibitor is expected to belong to category 4 or 5.

to fortify the solution with corrosion inhibitors to control
metallic structures corrosion. Corrosion inhibitors are inor-
ganic or organic molecules that are added in part per million
(ppm) levels to form surface layers that decrease the corro-
sion rate of metals. Diverse inhibitors are used depending on
the actual conditions of the corrosive environment as well as
the metallurgy. New corrosion inhibitors are constantly being
developed to tackle corrosion problems in various aggressive
environments [1-3]. Ultimately, a new chemical must be green
compliant. Greenness is defined based on four criteria: solubil-
ity, biodegradation, bioaccumulation, and toxicity [4,5]. A new
chemical developed in the present time should possess excel-
lent solubility, have log Po/w value of less than 3, LD5o/LCsg
value that falls within category of 4 or 5, and 70% of it should
degrade within 28 days [4-6]. In Table 11is presented the criteria
for the classification of corrosion inhibitor as green.
Isoxazolidine is a five-membered heterocyclic compound
containing adjacent nitrogen and oxygen atoms. For decades,
it has been utilized in the manufacturing of green products
for biological applications [7,8]. It is an essential scaffold
in drug discovery where it mimics a wide range of nat-
ural building blocks [8]. Derivatives of isoxazolidine have
been assessed for anticorrosion property for steel in HCI
[9-11], HpSO4 [12,13], CO, [14], and saline [14] media. In these
corrosive environments, depending on experimental condi-
tions (pH, concentration of inhibitor, temperature), length of

hydrophobic chain of the isoxazolidine derivative, and the
degree of steric crowding around the nitrogen centers, inhi-
bition efficiency in the range of 40-99% was obtained.

Blending of two or more substances to enhance inhibi-
tion efficiency is a common modification approach. Metals
ions like zinc ions [15,16] and halide ions particularly iodide
ions [17,18] have been established to boost the anticorro-
sion property of organic inhibitors when added. A detailed
information on the effect of addition of metals and halides
ions on organic inhibitors can be found in Umoren and
Solomon [19,20]. In this communication, we present 5-(4-
dodecyloxy-3-methoxybenzyl)-2-methylisoxazolidine (Fig. 1)
(DMBMI)/iodide ions formulation as a novel, cheap, green,
and effective corrosion inhibitor that can be utilized dur-
ing the pickling of low carbon steel. The characterization
of DMBMI was done spectroscopically via nuclear magnetic
resonance (NMR) and Fourier-transform infrared (FTIR) spec-
troscopies. The evaluation of DMBMI as corrosion inhibitor
was performed using weight loss, electrochemical impedance
spectroscopy, potentiodynamic polarization, and linear polar-
ization techniques. The adsorption of DMBMI molecules on
sample surfaces was verified via SEM (scanning electron
microscope), FTIR, and EDAX (energy dispersive X-ray spec-
troscopy).

The use of the computational chemistry techniques to
evaluate inhibitor-metal interactions is becoming popular
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5-(4-dodecyloxy-3-methoxybenzyl)-2-methylisoxazolidine

Fig. 1 - Molecular structure of 5-(4-dodecyloxy-3-methoxybenzyl)-2-methylisoxazolidine.

[21-23]. This is because the theoretical techniques have
the capacity to predict important chemical parameters that
could help researchers in discovering promising inhibitor
molecules [24,25]. It can as well provide insight into the
mechanism of interaction between inhibitor molecules and
a metal surface [23]. In this work, we used the molecular
modeling (Quantum chemical calculations and Monte Carlo
simulation) approaches to predict the active sites and the
adsorption property of DMBMI. For the first time, with the help
of ACD/Percepta’ -14 Software (ACD/Labs, Toronto, Canada)
Licensed to King Fahd University of Petroleum and Minerals,
2017, we have predicted accurately the solubility, toxicity, and
the exact state of DMBMI in 1 mol/dm?3 HCl solution.

2. Experimental

2.1. Materials

N-Methylhydroxylamine hydrochloride (98%), 1-
bromododecane (97%), Silica gel 100, paraformaldehyde (Fluka
Chemie AG) (95%), and eugenol (1) (99%) were purchased from
Aldrich Co.

2.2.  Physical methods

The elemental analyses and the recording of the FTIR spectra
were accomplished by utilizing a Perkin Elmer Series II Model
2400 and a Perkin Elmer (16 F PC) spectrometer respectively.
The nuclear magnetic resonance (NMR) spectra were obtained
inD,0 on a500-MHz JEOL LA spectrometer; the residual proton
resonance of D,0 at §4.65mg/L and the dioxane 13C peak at
367.4mg/L were taken as an internal and external standard,
respectively.

2.3. Synthesis

2.3.1. -Allyl-1-dodecyloxy-2-methoxybenzene (2)

To a solution of NaOH (4.8g, 0.12mol) in ethanol (60mL)
was added eugenol (1) (19.7g, 0.12mol) followed by 1-
bromododedcane (24.9g, 0.10mol) and the mixture was
heated at 60°C under N, for 24h. After removal of the sol-
vent, the mixture was taken up in ether (75mL) and washed
with 10% NaOH (2 x 50 mL) and water (2 x 50 mL). The organic
layer was dried (NaySO4) and concentrated to obtain alkene 2
as a white solid (31.7 g, 95%). MP 28-29°C; (Found: C, 79.2; H,
10.7. CyH360, requires C, 79.46; H, 10.91%); vmax. (KBr) 3079,
3053, 2999, 2919, 2849, 1638, 1608, 1589, 1518, 1468, 1418, 1395,
1376, 1339, 1299, 1286, 1232, 1188, 1160, 1138, 1062, 1035, 999,
964, 914, 850, 797, 768, 751, 720, 650, 607, and 592 cm~1; 3y

(CDCl3) 0.88 (3H, t, ] 7.0Hz), 1.26 (16H, m), 1.44 (2H, m), 1.82
(2H, quint, ] 7.3Hz), 3.32(2H, d, ] 6.4 Hz), 3.84 (3H, s), 3.98 (2H,
t,] 7.0Hz), 5.06 (2H, m), 5.95 (1H, m), 6.69 (1H, d, J 8.0Hz), 6.72
(1H, s), 6.80 (1H, d, ] 8.0 Hz); 3¢ (CDCls) 14.08, 22.66, 25.94, 29.20,
29.32,29.39, 29.54, 29.57, 29.61, 29.62, 31.89, 39.78, 55.90, 69.15,
112.32, 113.09, 115.50, 120.40, 132.57, 137.70, 146.91, 149.33.

2.3.2. 5-(4-Dodecyloxy-3-methoxybenzyl)-2-
methylisoxazolidine

(%)

A mixture N-methylhydroxylamine hydrochloride (3) (3.34g,
40.0mmol), sodium acetate trihydrate (5.85g, 43mmol),
paraformaldehyde (1.80g, 60mmol) and alkene 2 (16.6g,
50mmol) in ethanol (35 cm?) was strirred using a magnetic
stir bar at 110°C in a closed pressure vessel for 7h. After
removal of solvent, the mixture was basified (K,CO3 solution
(50mL)) and extracted with ether (2 x 50 cm?). The organic
layer was dried (Na,;SO4) and chromatographed over silica gel
using 3:1 hexane/ether as eluant to give adduct 5 as a white
solid (12.9 g, 82%). Mp 3940 °C. The synthesis route is as shown
in Scheme 1. (Found: C, 73.4; H, 10.3; N, 3.5. C24H41NO3 requires
C, 73.61; H, 10.55; N, 3.58%); vmax. (KB) 2917, 2850, 1589, 1512,
1466, 1425, 1388, 1332, 1232, 1144, 1132, 1030, 944, 917, 850,
797, 727, 672, 616, 556 cm~1; 8y (CDCls): 0.88 (3H, t, J 7.0 Hz),
1.25-1.43 (18, m), 1.87 (2H, m), 1.92-2.02 (1H, m), 2.26-2.74 (6H,
m), 2.91-2.96 (1H, m), 3.22-3.27 (1H, m), 3.88-4.00 (5H, m), 4.27
(0.5H, m), 4.45 (0.5H, m), 6.78-6.82 (3H, m); 5 (CDCls): 14.3,22.7,
25.9, 28.9, 29.4, 29.4, 29.6, 29.6, 29.7, 29.7, 31.9, 33.3 (0.5C), 33.7
(0.5C), 40.2 (0.5), 41.0 (0.5C), 45.1 (0.5C), 45.5 (0.5C), 55.7, 56.3
(0.5C), 57.1 (0.5C), 68.4, 78.6, 111.4 (0.5C), 111.5 (0.5C), 111.9,
120.8 (0.5C), 120.9 (0.5C), 129.8 (0.5C), 130.3 (0.5C), 146.5, 148.0
(CDCl3 middle carbon: 77.4).

2.4. Studies of inhibitive property

2.4.1. Samples/corrodent preparation

Steel grade API 5L X60 of chemical composition given in
our previous publication [26] was utilized as the metal sub-
strate in this study. Samples were made from the steel pipe
and were of two categories: 3cm x 3cm x 1cm for gravimet-
ric experiments and 1cm x 1cm x 1cm for electrochemical
experiments. Before used, the specimens were mechani-
cally abraded with silicon carbide papers (#120-#800 grit),
sonicated in CH3CH,OH bath for ten minutes, degreased
with CH3CH,OH and CH3COCHs3, and dried in warm air
[26]. The specimens for electrochemical measurements were
completely insulated with Teflon tape exposing one side of
surface area 1cm?. The prepared specimens were stored
in a desiccator. The simulated corrosive environment was
a molar solution of hydrochloric acid. The concentration
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ranges of the synthesized compound, 5-(4-dodecyloxy-3-
methoxybenzyl)-2-methylisoxazolidine (DMBMI) utilized was
20-100 mg/L while that of KI was 0.005 mol/L. Measurements
were performed at temperature range of 25-60°C.

2.4.2. Gravimetric measurements

The ASTM standard procedure [27] was adopted in gravimet-
ric experiments. The prepared specimens were weighed and
thereafter freely suspended in glass vessels containing test
solutions (blank, 20, 40, 60, 80, & 100 mg/L DMBMI inhibited).
The reaction vessels were placed in a thermostated water
bath maintained at 25-60 °C for 24 h. After which, the corroded
specimens were removed, immersed in a molar solution of HCI
for twenty seconds to detach the corrosion products, washed
with distilled water, cleansed in acetone, dried with specimen
dryer, and finally reweighed to determine the loss in weight.
The weight losses obtained were used to compute the corro-
sion rate (v) following the equation given elsewhere [26]. The
equation used for the calculation of inhibition efficiency ()
can also be found in Ref. [26].

2.4.3. Electrochemical measurements

Electrochemical measurement was performed using Gamry
Potentiostat/galvanost/ZRA (Ref 600) instrument with a con-
ventional three-electrode assembly in a 250 mL glass cell. API
5L X60 steel specimen embedded in thermoplastic resin with
an uncovered area of 1cm?, graphite rod and silver/silver
chloride (Ag/AgCl) were used as working, counter and refer-
ence electrodes respectively. Measurements were carried out
after the working electrode was immersed for 3600s in the
various test solutions at ordinary temperature for the pur-
pose of attaining a steady-state open-circuit potential (OCP).
Frequency in the range of 100kHz to 0.01Hz was used for
electrochemical impedance measurements and the amplitude
was 10mV peak to peak. The potentiodynamic polarization
curves were recorded ata scanrate of 0.5 mV s~ ! relative to free
corrosion potential (Ecorr) from cathodic potential of —250 mV
to anodic potential of +250mV. By extrapolation of the lin-
ear Tafel regions of the polarization curves, the corrosion
current densities (icorr) and other associated electrochemi-
cal parameters were obtained. Linear polarization resistance
(LPR) measurements were performed by polarizing the work-
ing electrode from —15 to +15mV versus OCP at a sweep rate
of 0.125mV/s. The polarization resistance (Rp) was obtained
from the slope of the potential-current curve in the vicinity of
corrosion potential (Ecorr). We had defined the equations for
the computation of inhibition efficiency from electrochemical
impedance spectroscopy (EIS), potentiodynamic polarization
(PDP) and LPR in our recent publication [26].

2.5. Computational details

2.5.1.  Solubility, protonation and toxicity prediction

The solubility, protonation and toxicity of DMBMI were pre-
dicted using ACD/Percepta’ " -14 Software (ACD/Labs, Toronto,
Canada) Licensed to KFUPM, 2017.

2.5.2.  Quantum chemical calculations
Quantum Chemical based computations were conducted by
the DMol® module implemented in the BOVIA Materials Stu-

dio (Version 8.0) from Accelyrs Inc. (San Diego, CA, USA).
Geometrical optimization of DMBMI-H* was performed by
the meta- generalized gradient approximation (m-GGA) with
Minnesota 2006 local functional (M06-L) in conjunction with
double numerical plus polarization (DNP) basis set. The com-
putations were done in aqueous phase to simulate the effect of
solvent. The HOMO (highest occupied molecular orbitals) and
LUMO (lowest unoccupied molecular orbitals) which discloses
the active sites of the molecules were plotted.

2.5.3. Monte Carlo simulations

The interaction between the investigated inhibitor and Fe (110)
plane surface was carried out using Monte Carlo simulations.
The adsorption locator code implemented in the Material Stu-
dio 8.0 software from Biovia-Accelrys Inc. USA was adopted in
this simulation. The COMPASS force field was deployed for the
simulation of all molecules and systems. The simulation of the
corrosion inhibitor molecule (DMBMI-H*) on Fe (110) surface
was essential so as to pinpoint on the low energy adsorption
sites of the potential corrosion inhibitor on Fe surface. Fifty
(50) molecules of water were included in the simulation box
to mimic the aqueous phase. Details of the methodology of
Monte Carlo simulations are available in our previous publi-
cations [28,29].

3. Results and discussion
3.1. Physical parameters prediction

Three important parameters namely, solubility, protonation,
and toxicity were predicted for DMBMI in 1 mol/L HCI (pH=0)
using ACD/PerceptaTM—14 Software. The results obtained for
solubility and protonation are shown in Figs. 2 and 3, respec-
tively. The synthesized compound (DMBMI) is soluble in
1mol/L HCl having optimum solubility of 23.8 mg/L (Fig. 2). It
is deduced from Fig. 3(a) that, in 1mol/L HCl, 100% of DMBMI
molecules exist in protonated form and the protonation is on
the nitrogen heteroatoms (Fig. 3(b)). The prediction for tox-
icity was as follows: 90% probability that LDs is less than
5000 mg/kg (category 5), 80% probability that LDsg is greater
than 300 mg/kg (category 4), and 80% probability that the LDsg
value of DMBMI falls within these two categories. A chemi-
cal with LDsp value under category 4 and 5 is adjudged green
(Table 1). Since at pH =0 (1 mol/L HCI), 100% protonated form of
DMBMI is present in aqueous solution, this form was adopted
for all the molecular modelings.

3.2 Quantum chemical calculations

Information regarding which functional group(s) in an organic
molecule would participate in the process of donating and/or
accepting electrons during interaction with a metal surface
can be derived from HOMO and LUMO orbitals. The region in
an organic molecule with large HOMO orbitals can easily give
electron to free d-orbital of a metal atom [26]. Similarly, the
region in organic molecule with large LUMO orbitals accept
electrons from d-orbital of a metal with ease [26]. To gain
insight into the regions in DMBMI facilitating interaction on
the substrate surface in the considered aggressive medium,
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Fig. 2 — The solubility versus pH of 5-(4-dodecyloxy-3-methoxybenzyl)-2-methylisoxazolidine predicted using ACD/LABS

Software.
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ACD/LABS Software and (b) The molecular structures corresponding to the two states PS1 and PS2.
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(a) Chemical structure of NMBTI [26]
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Fig. 4 - (a) Optimized structure, (c) HOMO and (e) LUMO orbitals distribution of protonated
5-(4-dodecyloxy-3-methoxybenzyl)-2-methylisoxazolidine (DMBMI-H*); (b) chemical structure, (d), HOMO and (f) LUMO
orbitals distribution of protonated of 5-(4-hydroxy-3-methoxybenzyl)-2-tetradecyl isoxazolidine (HMBTI). Figs. 4 (b, d, & f)
were extracted from Alhaffar et al. [26]. Copyright The Royal Society of Chemistry 2018.

the HOMO and LUMO orbitals distribution presented in Fig. 4(c
and e) were obtained. Clearly, the HOMO and LUMO orbitals
are localized at the methoxybenzyl group. This infers that the
methoxybenzyl group involves in a donor-acceptor interaction
with the empty d-orbital of steel atom. This region is the active
center for interaction of DMBMI molecules with the substrate
surface.

3.3. Monte Carlo simulations

The interaction of DMBMI molecules with Fe (110) in the pres-
ence of 50 molecules of water were simulated using the Monte
Carlo technique and the snapshot of the top views of the most
stable configuration is shown in Fig. 5. The adsorbed DMBMI
molecules assumed a parallel orientation with the Fe (110)
surface. Such orientation can encourage maximal surface

coverage and contact, which ensures strong interaction and
in extension, effective corrosion inhibition. The adsorption
energy of DMBMI on Fe (110) surface is —243.02 kcal/mol while
that of H,O adsorbed on Fe (110) surface is —11.96 kcal/mol.
Clearly, the adsorption energy of DMBMI is significantly higher
than that of water meaning DMBMI molecules have a higher
tendency to displace adsorbed water molecules from the
steel surface [28,30,31]. Again, the large adsorption energy of
DMBMI signifies a very stable and strong interaction between
DMBMI molecules and the metal surface [30,31].

It is believed that the higher the negative adsorption
energy, the stronger the interaction of inhibitor molecules
with a metal surface [26,30,31]. Alhaffar et al. [26] studied
5-(4-hydroxy-3-methoxybenzyl)-2-tetradecyl  isoxazolidine
(HMBTI) as inhibitor for API 5L X60 steel in 1 mol/L HCl HCl
solution. HMBTI (Fig. 4(b)) and DMBMI (Fig. 1) are isoxazolidine
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Fig. 5 - Top views of the most stable configurations for the adsorption of protonated (a)
5-(4-dodecyloxy-3-methoxybenzyl)-2-methylisoxazolidine (DMBMI-H*) and (b) 5-(4-hydroxy-3-methoxybenzyl)-2-tetradecyl
isoxazolidine (HMBTI) [26] on Fe (110) surface in the presence of 50 water molecules calculated using Monte Carlo
simulations. Figs. 5 (b) was extracted from Alhaffar et al. [26]. Copyright The Royal Society of Chemistry 2018.

compounds that are similar in almost all aspect except the
present of hydroxyl group in HMBTI. It was therefore appro-
priate to compare the results obtained by Alhaffar et al. [26]
with the results from the present work. The HOMO and LUMO
orbitals distribution reported by Alhaffar et al. [26] (Fig. 4(d
and f)) clearly shows that the localization of electrons was
same as in DMBMI (Fig. 4(c and e)), that is, electrons localiza-
tion is at the methoxybenzyl group. However, Alhaffar et al.
[26] reported inhibition efficiency of 67.7% at HMBTI concen-
tration of 60 ppm (optimum) from electrochemical impedance
spectroscopy technique whereas the same concentration for
DMBMI gives inhibition efficiency of 61.9%. The Monte Carlo
simulations of both HMBTI and DMBMI molecules on Fe (110)
provides an insight into the slight differences in inhibitive
performance of the two isoxazolidine compounds. While
—269.81kcal/mol was reported as the adsorption energy of
HMBTI on Fe (110) surface [26], —243.02kcal/mol is obtained
for DMBM], inferring stronger interaction of HMBTI molecules

than DMBMI. By comparing Fig. 5(a) with Fig. 5(b), it is obvi-
ous that there was a stronger interaction between HMBTI
molecules with the Fe surface than DMBMI.

3.4.  Experimental studies

3.4.1. Weight loss measurements

The theoretical predictions portray DMBMI as a promising
corrosion inhibitor. Experiments were therefore performed to
validate the theoretical predictions. Weight loss measurement
remains a simple, cost effective, and reliable experimental
technique for studying the corrosion behavior of metals and
inhibitive efficacy of metals corrosion inhibitors. Fig. 6 shows
the variation of (a) corrosion rate of steel sample and (b) inhi-
bition efficiency of various dosages of DMBMI at different
temperatures. In Fig. 6(a), it is seen that the corrosion rate of
API 5L X60 steel decreased considerably in 1 mol/L HCI solu-
tions containing DMBMI as inhibitor compared to the acid
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Fig. 6 — Graphs of (a) corrosion rate, (b) inhibition efficiency
as a function of DMBMI concentration at different
temperatures.

solution devoid of DMBMI at all the studied temperatures.
This implies that, the presence of DMBMI in the acid solu-
tion retarded the dissolution of the metal. Also observed from
Fig. 6(a) is the fact that, in both uninhibited and inhibited sys-
tems, corrosion rate increase with rise in system temperature.
This means that the metal is susceptible to corrosion at ele-
vated temperature. A careful inspection of Fig. 6(a) reveals that
the corrosion rate is relatively constant within the inhibitor
dosage of 40-100 mg/L at all temperatures. It seems that the
optimum concentration of the inhibitor is within this range.
In Fig. 6(b), the protection efficacy improves with increas-
ing dosage of inhibitor up to 60mg/L and thereafter slightly
decline at all temperatures except 60°C. Similar observa-
tion had been reported [26,32]. The possible explanation is
that, as the inhibitor concentration was increased from 20
to 50mg/L, the organic molecules were available for adsorp-
tion. At 60 mg/L (optimum concentration), maximum area of
the metal surface was covered by the adsorbed inhibitor films.

Beyond 60mg/L, the system became saturated and adsorbed
inhibitor species began to interact with free molecules. This
led to film desorption and in extension, decline in inhibition
efficiency [26,32]. The influence of temperature on the protec-
tion strength of DMBMI can also be visibly seen in Fig. 6(b).
Corrosion retardation efficiency increased with rise in tem-
perature up to 50°C and decreased thereafter. The adsorbed
inhibitor film may have dissolved at 60 °C.

In Table 2 is presented a comparative analysis of the
corrosion inhibition performance of DMBMI with some isoxa-
zolidine derivatives reported [9-12,26]. Itis clear from the table
that isoxazolidine-based inhibitors are promising for low car-
bon steel in HCl environment. However, some disparities in
inhibition performance are observed. For instance, the inhibi-
tion efficiency values obtained in the present work and that
of Alhaffar et al. [26] are lower. As it is known, the adsorp-
tion of organic inhibitors vis-a-vis inhibition effectiveness is
influenced by factors such as the chemical structure of the
inhibitor, the metal surface charge, the distribution of charge
in the molecule, the type of aggressive medium (pH and/or
electrode potential), etc. [33]. The observed disparity may not
be far from the influence of some or all of these factors.

The performance of a good corrosion inhibitor is anchored
on its adsorption strength on the metal surface. Hence, the
important information about the nature of metal-inhibitor
interaction can be derived from adsorption isotherm. Against
this back drop, the degree of surface coverage values (¢ = /100)
(assuming inhibition efficiency varies linearly with degree
of surface coverage) for various DMBMI concentrations were
computed to present the best adsorption isotherm. The com-
puted o0 values were fitted into various adsorption isotherms
models, including Frumkin, Temkin, Freundlich and Langmuir
adsorption isotherms. The best fit isotherm was noted for
Langmuir based on the values of correlation coefficient (R?)
(Table 3). This isotherm is defined by:

Cinh _ 1
0 Kads

+ Cinh (1)

where 6 is the surface coverage, K,q4s is the equilibrium con-
stant of the adsorption process, and Cy;, is the concentration
of DMBMI. By plotting Ciy,/6 as a function of Ciy, straight
line graphs given in Fig. 7(a) were obtained. The slopes of the
graphs deviated slightly from unity (Table 3) expected from an
ideal Langmuir isotherm graph. This suggests possible inter-
action among adsorbed species [34]; a vital factor that was
ignored during the derivation of Langmuir equation.

To verify if there was interaction in the adsorbed layer
on the metal surface, El-Awady et al. kinetic-thermodynamic
model, which takes into consideration, interaction of
adsorbed species [35] was employed. The El-Awady et al.
kinetic-thermodynamic isotherm assumes the form:

0
log (1 ) =108 Kats + Y108 Cinh @)

where 1/y represents the number of active sites occupied by
inhibitor or the number of water molecules substituted by an
inhibitor molecule [36]. The value of 1/y greater than unity
implies interaction of adsorbed molecules [37]. Fig. 7(b) shows
the El-Awady et al. kinetic-thermodynamic isotherm plots
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Table 2 - A comparison of the inhibitive performance of isoxazolidine-based derivatives for low carbon steel in HCl

medium from Weight Loss measurement technique/.

S/N Inhibitor (Inh.) Tempt. (°C) Inhibitor 1 (%) Ref.
conc.

1 2-Decylhexahydropyrrolo[1,2-b]isoxazole 60 50 98.0 E

2 3-Tetradecylhexahydropyrrolo[1,2-blisoxazole ppm 97.5

3 N,N-di(hexahydropyrrolo[1,2-blisoxazole2-ylmethyl)-N*- 97.0
formyl-1,12-dodecanediamine

4 N,N-di(hexahydropyrrolo[1,2-b]isoxazole-2-ylmethyl)-1,12- 95.2
dodecanediamine

5 2-methyl-5-hexylisoxazolidine 60 1200 ppm 86.0 [10]

6 2-methyl-5-dodecylisoxazolidine 200 ppm 93.7

7 2-isopropyl-5-dodecylisoxazolidine 25 ppm 92.5

8 2-tert-butyl-5-dodecylisoxazolidine 10 ppm 90.1

9 1-(2,3-diphenyl-isoxazolidin-5-yl)-nonan-2-ol 25 50 ppm 83.9 [11]

10 5-octylsulfanylmethyl-2,3-diphenylisoxazolidine 50 ppm 91.0

11 9-(2,3-diphenyl-isoxazolidin-5-yl)-nonanoic acid 50 ppm 88.6
2-[2-(2-methoxy-ethoxy)-ethoxy]-ethyl ester

12 2-(9-phenoxynonyl)hexahydropyrrolo [1,2 blisoxazole 60 100 ppm 92.0 [12]

13 2-(9-p-methoxyphenoxynonyl) hexahydropyrrolo [1,2-b] 100 ppm 85.0
isoxazole

14 2-(9-phenoxynonyl)hexahydro-2Hisoxazolo[2,3-a] pyridine 100 ppm 97.0

15 2-(9-p-methoxyphenoxynonyl) 100 ppm 90.0
hexahydro-2H-isoxazolo[2,3-a]pyridine

16 5-(benzo[d][1,3]dioxol-5-ylmethyl)-2-tetradecyl isoxazolidine 60 60 ppm 79.5 [21]

17 5-(4-hydroxy-3-methoxybenzyl)-2-tetradecyl isoxazolidine 60 ppm 823

18 5-(4-dodecyloxy-3-methoxybenzyl)-2-methylisoxazolidine 25 60 ppm 66.9 Present

60 60 ppm 66.8 work

Table 3 - Langmuir adsorption parameters for carbon steel in 1 mol/L HCI containing DMBMI from weight loss

measurements at different temperatures.

Temperature(°C) Langmuir El-Awady et al.
AG%as Kads Slope R? 1y R?
(k] mol™?)

25 -35.30 1.53 1.59 0.963 2.67 0.963

40 -32.82 0.30 1.38 0.998 6.25 0.788

50 -32.91 0.21 1.19 0.999 4.29 0.963

60 -31.76 0.10 1.26 0.967 6.72 0.917

for the adsorption of DMBMI onto the carbon steel surface
in the studied corrosive medium. The R? values are slightly
lower than those from the Langmuir isotherm (Table 3) but
within the range that allows the model to be used to describe
the adsorption process. It is obvious that DMBMI adsorbed
molecules occupied more than one active site on the metal
surface. As could be seen in Table 3, 1/y is greater than unity.
The K45 values listed in Table 3 were computed from
the intercepts of the plots in Fig. 7(a). Kygs value defines the
strength of the bond between adsorbate and adsorbent [38].
Large K,4s value implies strong adsorption bond and small
Kags value infers the opposite. Our K,q4s value is low and
decrease with rise in temperature (Table 3). This is typical of
a physisorption kind of adsorption [34]. The K,4s is related to
the standard free energy of adsorption (AG?, ) thus [38,39]:

ads

AG?

J4s = —RTIn (1 x 10°K ;) 3)
where 1 x 10° is the concentration of water molecules (same
as concentration of inhibitor) in mg/L, R and T are the molar
gas constant and absolute temperature respectively. The cal-
culated AngS values are given in Table 3 and fall within the

range often associated with mixed adsorption (both physical
and chemical) mechanism in the corrosion literature [38,39].
The standard free energy for the adsorption can be linked
to the standard enthalpy (AHgdS) and entropy (Asgds) of the
adsorption as follows [38,40]:

0 0
AGggs = AHads

0
+TAS%, )

A combination of Egs. (3) and (4) and rearrangement of the
resultant equation gives,

—AH? AS?
InKygs = Tads + Tads —1n (1 x 10°) (5)

Fig. 7(b) shows the plot of In K 45 versus 1/T for the studied
systems. The AHgdS and Asgds values calculated from the slope
(AHgdS/R) and intercept ((AsgdS/R) —1In(1 x 10°)) respectively are
-36.72kJ/mol and - 12.93kJ/mol. As it is known, positive value
of AHgdS is indicative of endothermic process while negative
value means exothermic process [38,40]. For an endothermic
adsorption process, AHgdS value greater than zero is inter-

preted as chemical adsorption while AHgds value less than
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Fig. 7 - (a) Langmuir adsorption isotherm plots at different
temperatures, (b) El-Awady et al. kinetic-thermodynamic
isotherm plots, and (c) graph of In K,45 vs. 1/T for DMBMI
adsorption on API 5L X60 steel in 1 mol/L HCL

zero implies physical adsorption [25,38]. Similarly, when the
adsorption process is exothermic in nature, AHgds value less
than 40kJ/mol points to physical adsorption whereas AHgdS
value near 100 kJ/mol signifies chemical adsorption [38,40]. For
the system under consideration, the AHgds is negative imply-
ing that the adsorption of DMBMI molecules onto the steel
surface was exothermic in nature. The magnitude of the AHgdS
(36.72kJ/mol) is less than 40 kJ/mol and at the same time very
close to chemisorption benchmark. This can be interpreted as
mixed adsorption type (i.e both physical and chemical adsorp-
tion mechanisms) but with the dominant mechanism being
physisorption [40]. The AsgdS value is negative and could be
interpreted to mean less perturbation in the inhibited systems

[38,41].

Table 4 - Activation parameters for carbon steel in

1mol/L HCl in the absence and presence of different
concentrations of DMBMI.

Concentration(mg/L) E,(kJ mol™!) AH'(kJ mol™) -AS'(J moltK1)

Blank 63.39 60.23 57.82
20 55.97 53.23 88.74
40 56.90 54.17 86.59
60 59.26 56.61 79.50
80 59.77 57.58 76.83
100 52.69 50.58 98.66
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Fig. 8 - (a) Arrhenius and (b) Transition state plots for API
5L X60 steel in 1 mol/L HCl in the absence and presence of
different concentrations of DMBMI.

It is obvious in Fig. 6 that temperature has a significant
effect on the corrosion behavior of API 5L X60 steel in 1 mol/L
HCl without and with DMBMI. The corrosion kinetics param-
eters such as activation energy (E,), activation enthalpy (AH'),
and activation entropy (AS’) were calculated from the Arrhe-
nius (Eq. 6) and Transition State (Eq. 7) equations and are listed
in Table 4. Fig. 8 depicts the Arrhenius and Transition state
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plots for the steel in acid medium devoid of and containing
different concentrations of DMBMI.

p— Ea
Logu = logA — (72.303RT> (6)

o8 () = (o2 () (z30))] -z~

where v is the corrosion rate, A is the frequency factor, N the
Avogadro’s number, and h is the Planck’s constant. The E,
values of the DMBMI inhibited systems presented in Table 4
are smaller than that of uninhibited solution. This infers a
chemisorption mechanism [38]. However, it is observed that
the difference between the inhibited E; values and that of
the uninhibited is slim suggesting that both physisorption
and chemisorption mechanisms were in place on the metal
surface. It was suggested [42] that adsorption should not be
considered as mere physical or chemical, since there is no
distinct differentiation line between these two adsorption
mechanisms. Authors [42-44] held that the two mechanisms
are not separate but one being a preceding step to another.
It is also noticed in Table 4 that the AH" value is opposite to
the AHY,  (i.e, AH has a positive value whereas AH%;  has
a negative value). It means that, while the adsorption of the
inhibitor molecules onto the steel surface was exothermic,
the activation step of the corrosion process was endothermic
in nature [45]. The AS’ values are negative and large. Most
often, negative and large value of AS" is associated with the
activated complex in the rate determining step representing
an association rather than a dissociation [38,45]. More so, the
magnitude of the inhibited AS" values are bigger compared
to that of uninhibited and this signifies increase in solvent
entropy occasioned by water desorption from the substrate
surface [45].

The optimum concentration of DMBMI afforded corrosion
inhibition efficiency of 66.9% and 66.8% at 25°C and 60°C,
respectively (Fig. 6). By these values, DMBMI could be placed
under moderate corrosion inhibitors. We therefore took step
towards enhancing the corrosion inhibition performance of
this eco-friendly compound. The capability of iodide ions in
boosting the anticorrosive property of organic compounds
have been widely reported [46-48]; this modification approach
was therefore adopted. In Table 5 is given the corrosion rate,
surface coverage, and 5 values obtained for specimen in the
corrodent containing either 60 mg/L. DMBMI, 0.005mol/L KI,
or their mixtures at 25°C and 60°C from weight loss exper-
iments. Obviously, the addition of KI to DMBMI benefitted
the inhibition efficiency remarkably particularly at elevated
temperature. For instance, the inhibition efficiency of the com-
pound was upgraded from 66.9% and 66.8% to 74.5% and
91.6% at 25°C and 60°C respectively. As earlier mentioned,
iodide ions boost the corrosion retardation strength of organic
inhibitor by co-adsorption which could be cooperative or com-
petitive [46-48]. These two kinds of co-adsorption can be
differentiated using the value of the synergism parameter (S1).
S; value greater than or equal to unity indicates cooperative
co-adsorption while S; value less than unity is consistent with
competitive co-adsorption [46]. The value of S1 at 25°C and
60°C (Table 5), calculated using equation given in Ref. [49], are
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Fig. 9 - Potentiodynamic polarization plots for API 5L X60

steel without and with different concentrations of DMBMI
at 25°C.

less than unity meaning DMBMI and iodide ions competitively
adsorbed onto carbon steel surface in the considered medium.

3.4.2. Electrochemical measurements

The potentiodynamic polarization curves obtained for the
steel in 1mol/L HCl solution without and with selected
concentrations of DMBMI are shown in Fig. 9. The values of
corrosion potential (Ecorr), corrosion current density (icorr),
and anodic and cathodic Tafel slopes (82 and B.) derived
by extrapolating the linear segments of the graphs in Fig. 9
are given in Table 6. The inhibition efficiency (r) value also
presented in the table was calculated using the equation given
in Ref. [47]. By visually examining Fig. 9, the following obser-
vations are made: (i) in the polarization graph of the blank,
a direct relationship between the corrosion current density
and the corrosion potential is observed in the anodic region.
This is indicative of the active dissolution of the metal in the
studied environment [50,51]. (ii) The presence of DMBMI in the
acid solution affected the polarization pattern of the metal
specimen. This is evident in the reduction of the cathodic
and anodic current densities to lower values and the shifting
of the corrosion potential towards anodic direction relative
to that of the blank. (iii) In the anodic polarization curves
recorded in inhibited systems, two sections designated as A
and B are identified; they represent the inhibited and unin-
hibited regions [52], respectively. (iv) The inhibitor has greater
influence on the anodic reactions than cathodic reactions. In
Table 6, it is observed that the Eqorr values of inhibited systems
are nobler than that of uninhibited. This, and the observations
made from Fig. 9 can be interpreted to mean that DMBMI
functioned in the studied system principally as an anodic type
inhibitor. Further inspection of the results in Table 6 disclose
that icorr Values obtained for inhibited systems are smaller
than that of uninhibited. The value further decreased with
increasing inhibitor concentration and, as a result, the inhi-
bition efficiency increased. This indicates an increase in the
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Table 5 - Corrosion rate and inhibition efficiency values for carbon steel in 1 mol/L HCI containing DMBMI, KI and DMBMI

- KI mixtures at 25 and 60 °C from weight loss measurements.

Temperature (°C) System/concentration Corrosion rate Inhibition efficiency = Surface coverage ()  Synergistic
(mm/yr) (%) parameter (S;)
Blank 0.164 - -
25 DMBMI (60 mg/L) 0.054 66.9 0.67
KI (0.005 mol/L) 0.079 51.9 0.52 0.63
DMBMI +KI 0.0042 74.5 0.75
Blank 2.327
60 DMBMI (60 mg/L) 0.774 66.8 0.67
KI (0.005 mol/L) 0.444 80.9 0.81 0.78
DMBMI +KI 0.0195 91.6 0.92

Table 6 - Potentiodynamic polarization (PDP) and Linear polarization resistance (LPR) parameters for carbon steel in

1 mol/L HCl without and with selected concentrations of DMBMI at 25 °C.

PDP method LPR method
Concentration  Ecorr Tcorr Ba Be n (%) Rp 1 (%)
(mg/L) (mV/Ag/AgCl)  (hA cm??) (mV dec™) (mV dec™?) (2 cm?)
Blank -491 158.0 129.5 112.6 - 189.6 -
20 —441 120.0 175.8 179.8 24.1 338.1 43.9
60 —436 98.3 174.9 205.9 37.8 409.1 53.7
100 -438 92.5 143.7 194.4 41.5 437.3 56.6

blocked fraction of the metal surface by adsorption [53] as the
concentration of the inhibitor was increased. Again, the 8, and
Bc values of inhibited systems are bigger than values obtained
in the uninhibited system. This shows that the adsorption film
of DMBMI on the metal surface interrupted both the anodic
and cathodic corrosion reactions [54,55]. But from Fig. 9, the
dominant effect is on the anodic dissolution reactions.

It is worth pointing out that, the theoretical prediction is
in perfect agreement with the results from potentiodynamic
polarization (PDP) measurements. For instance, theoretically,
we predicted that DMBMI is mostly in protonated form (Fig. 3).
The PDP results (Fig. 9; Table 6) show that DMBMI is principally
an anodic type inhibitor. The mechanism of anodic dissolution
of iron in HCl solution is as follow [56,57]:

Fe+ Cl” < (FeCl™) (8)
(FeCl™), . < (FeClygq+ € )
(FeCl),4 — (FeCl*) + e~ (10)
(FeCl™) « Fe?* + CI” (11)

The corresponding cathodic hydrogen evolution reactions
are:

+ +
Fe+ H' < (FeH') (12)
(FEH+)adS +e — (FeH)ads (13)
FeH,4s + Ht + e — Fe+ H, (14)

The DMBMI* will favorably adsorb on the anodic site than
the cathodic site according to the following reaction:

(FeCl"),,, + DMBMI" — (FeCl DMBMI*) (15)

ad ds

Linear Polarization Resistance (LPR) technique was also
adopted in the study of the corrosion and corrosion inhibi-
tion of API 5L X60 steel in 1M HCI solution without and with
DMBMI. The values of the polarization resistance (Rp) and inhi-
bition efficiency are also presented in Table 6. It is clear in the
table that R, increase in inhibited acid solutions compared
to the uninhibited solution signifying that DMBMI suppressed
the steel deterioration in the corrosive acid environment. The
trend of inhibition efficiency in PDP and LPR with concen-
tration is somewhat different from that noted in weight loss
measurements (Fig. 2), thatis, 60 mg/L is not the optimum con-
centration. Nevertheless, the inhibition efficiency for 60 mg/L
and 100 mg/L are in close range. For instance, in LPR, 60 mg/L
DMBMI afforded 53.7% while 100 mg/L offered 56.6%. It could
therefore be economical to utilize the 60 mg/L concentration.

Fig. 10 presents the impedance recorded for API 5L X60
steel in 1M HCI solution in the absence and presence of
selected concentrations of DMBMI at 25 °C exemplified as (a)
Nyquist, (b) Bode modulus, and (c) Phase angle formats. In
the uninhibited acid solution, the impedance graph recorded
is characterized by single capacitive loop at high frequencies.
However, in the impedance graphs for inhibited systems, an
unresolved capacitive loop is observed at medium frequen-
cies in addition to the capacitive loop at high frequencies
pointing to two times constant. The two time constants could
arise from the double layer structure of the DMBMI adsorbed
film on the steel surface [58,59]. The capacitive loop observed
at high frequencies in the impedance diagram recorded in
free acid solution defined the charge transfer resistance of
the steel electrode [54]. The semicircles at high frequencies
in inhibited impedance diagrams represent the polarization
resistance between the metal and HCI solution interface [54].
According to some authors [60], this polarization resistance
encompasses all the resistances (charge transfer resistance,
film resistance, diffuse layer resistance, accumulation resis-
tance, etc.) between metal and solution interface. Compared
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Fig. 10 - Impedance plots for API 5L X60 steel in 1 mol/L
HCI without and with selected concentrations of DMBMI
exemplified as (a) Nyquist, (b) Bode modulus, and (c) Phase
angle formats at 25°C.

with that of the uninhibited, the semicircles in impedance dia-
grams recorded in inhibited acid solutions are bigger, meaning
lesser corrosion of the steel specimen in inhibited solutions.
This is also manifested in the Bode modulus and Phase angle
plots. For instance, the Z,,q and Phase angle are displaced
towards bigger values (Fig. 10(b) and (c)). However, all the
semicircles in Fig. 10(a) are far from being perfect semicircles;
a phenomenon often linked with frequency dispersion and
microscopic roughness of working electrode surface [54,56].
Increase in inhibitor concentration is found to increase the
size of the capacitive loop, shift absolute values of Bode mod-
ulus and Phase angle to higher values. This implies that,

the resistance of the substrate varied proportionately with
inhibitor concentration probably due to increase in surface
coverage by protective film.

The fitting of the impedance data was achieved using the
equivalent circuits (EC) inserted in Fig. 11. The EC inserted in
Fig. 11(a) was used for data from uninhibited acid solution
while data from inhibited solutions were fitted using the EC
inserted in Fig. 11(b). As could be seen in Fig. 11, good fit was
achieved with these ECs. The ECs have the following elements
in common: solution resistance (Rs), charge transfer resistance
(Ret), and constant phase element (CPE) which was necessary
because of the imperfectness of the obtained impedances. In
addition, the EC in Fig. 11(b) has the film resistance (R¢) ele-
ment. The ECs gave excellent fitting as evident in the low
chi squared values (Table 7) and fitting errors, which were all
less than 5%. All the impedance parameters associated with
the studied systems are listed in Table 7. Inhibition efficiency
was calculated using the equation given in Ref. [26]. From the
results presented in Table 7, it is seen that the presence of
DMBMI in the acid solution caused the solution resistance
to decrease but raised the polarization resistance of the sub-
strate. The presence of 100mg/L of the inhibitor raised the
steel resistance from 192.9 @ cm? to 622.6 © cm? and this cor-
responds to inhibition efficiency of 69.0%. Judging from the
values of nj, the surface of API 5L X60 steel behaved as a
capacitor in 1mol/L HCl solution.

3.4.3. Surface assessments

Fig. 12 shows the SEM/EDAX pictures taken for the studied
substrate (a) in abraded state, (b, c) exposed to corrosive solu-
tion, (d, e, f) exposed to corrodent containing DMBMI (60 mg/L),
and (g, h) exposed to corrodent containing 60 mg/L DMBMI
+0.005 mol/LKI at25°C for 24 h. After mechanical abrasion, the
surface of the metal specimen was smooth as could be seen in
Fig. 12(a). Immersion in 1 mol/L HCl left the surface seriously
damaged. The surface assumed a rough and coarse morphol-
ogy (Fig. 12(c)). It is seen from Fig. 12(c) that the metal surface
was covered with corrosion products and the EDAX spectrum
in Fig. 12(b) reveals that the products was rich in chloride
(16.8wt.%). This is in agreement with the anodic oxidation
reaction given in Eq. 7. Obviously, the corrosion mitigation
of the steel specimen in the studied acid solution fortified
with DMBMI was due to adsorption mechanism. In Fig. 12(e),
the adsorbed film appears as black spot. The EDAX scan of
the entire surface (Fig. 12(d)) discloses that the concentration
of chloride on the surface was greatly reduced compared to
the surface in Fig. 12(b). That is, the concentration declined
from 16.8% to 8.3%. As suggested by Eq. 15, DMBMI* ions are
adsorbed on (FeCl_) , to form (FeCl"DMBMI*)adS. The con-
centration of chloride on the surface in Fig. 12(e) is expected
to be less relative to the surface in Fig. 12(c). To confirm that
the black spot was actually adsorbed DMBMI film, EDAX anal-
ysis was performed on the spot and the spectrum is shown
in Fig. 12(f). Obviously, the deposit is of DMBMI. The C and O
concentrations are very high, that is, 10.9 and 10.5% respec-
tively. These are elemental components of the DMBMI. The
Cl concentration is also high at this spot (i.e., 29.8%). This
again confirms that the polycations are adsorbed on a layer of
chloride ions. The best surface protection was achieved with
DMBMI +KI mixture, which is in perfect agreement with the
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Fig. 11 - Experimental and fitted impedance data of St37 steel (a,c) in the absence and (b,d) in the presence of DMBM at
298 K. The respective equivalent circuits used for the fitting are inserted in (a) and (b).
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Scheme 1 - Synthesis of inhibitor molecule 5 using nitrone cycloaddition reaction.

experimental results (Table 5). As could be seen in Fig. 12(g),
less damage was done to the surface compared to the sur-
face in Fig. 12(c & e). On this surface, the Cl concentration
was low (3.5wt.%). As it is known, in a system containing
iodide and chloride ions, iodide ions would be predisposed
to adsorption than chloride ions because of higher ionic
radius [20].

To further explain the interaction of DMBMI molecules
with the steel surface, the films extracted from the specimen
surface after exposing to the inhibited acid solutions were
analyzed spectroscopically. Fig. 13 shows the comparative
FTIR spectra of pure DMBMI and adsorbed films extracted from
API5L X60 steel surface. Inspection of Fig. 13 reveals that the O

heteroatoms in the pendant groups attached to the benzene
ring and the heterocyclic N and O heteroatoms (Scheme 1)
participated in the adsorption process. In the FTIR spectrum
of pure DMBMI (Fig. 13(a)), the strong peaks at 2917.50 and
2850.08cm~! are attributed to the ring C-N stretching [61].
The bands at 1589.91 and 1512.91cm™?! emanated from the
ring N-O vibrations [61] while the peak at 1232.31cm™? origi-
nated from the C-O vibration of the benzene pendant groups.
By comparing Fig. 13(a) to Fig. 13(b) and (c), it could be seen that
these peaks diminished completely pointing to the involve-
ment of these heteroatoms in the adsorption process. These
findings are in perfect agreement with the theoretical predic-
tion in Fig. 4.
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60 mg/L DMBMI +0.005 mol/L KI at 25 °C for 24 h.
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Table 7 - Impedance parameters for low carbon steel in 1 mol/L HCl without and with selected concentrations of DMBMI

at25°C.

CPE; CPEq
Concentration Rs Yo (12 nl Ry Yo (2s"cm™?)  n2 Ret Rp X2 x 1072 5 (%)
(mg/L) (2 cm?) s” cm~?) (2 cm?) x 1073 (92 cm?) (2 cm?)
Blank 3.44+0.11 0.27 0.82 — — — 192.9 = 1.0 =
20 0.82+0.12 254.3 0.82 0.001+0.00 1.40 0.27 378.3+3.58 378.30 0.85 49.0
60 0.77+£0.10 219.7 0.81 4.42+0.01 124 0.27 502.0+£2.93 506.42 0.78 61.9
100 0.84+0.10 302.8 0.78 9.93+0.03 1.89 0.13 612.7+3.11 622.63 0.85 69.0
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Fig. 13 - FTIR spectra of (a) pure DMBMI, (b) adsorbed film
extracted from API 5L X60 steel surface exposed to 1 mol/L
HCI solution containing 60 mg/L DMBMI, and (c) adsorbed
film extracted from API 5L X60 steel surface exposed to
1mol/L HCI solution containing 60 mg/L. DMBMI

+0.005 mol/L KI for 24h at 25°C.

4. Summary and conclusions

A new compound, 5-(4-dodecyloxy-3-methoxybenzyl)-
2-methylisoxazolidine (DMBMI) has been successfully
synthesized and characterized spectroscopically. The com-
pound is nontoxic, has good solubility property, and exist
in protonated form in acid solution of pH=0 according to
ACD/PerceptaTM—14 Software prediction. From the anticorro-
sion study for carbon steel in 1 mol/L HCl solution done using
gravimetric and electrochemical techniques, the following
conclusions are drawn:

(1) DMBMI is a promising corrosion inhibitor, which could be
used between 25-50°C.

(2) The anticorrosion performance of DMBMI is concentra-
tion dependent. DMBMI concentration in the range of
40-100 mg/L can afford good corrosion inhibition.

(3) DMBMI behaves more as an anodic corrosion inhibitor.

(4) Addition of KI to DMBMI enhanced corrosion inhibition
efficiency remarkably through the mechanism of compet-
itive adsorption.

(5) Adsorption energy between the inhibitor and steel surface
is high according to Monte Carlo simulations.

(6) Experimental and theoretical results are in conformity.
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