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ARTICLE INFO ABSTRACT

Keywords: The current research reports the performance of 1-butyl-3-methylimidazolium methane sulfonate
Ionic liquid ([C4MIM][OMSs](IL)) as effective corrosion inhibitor for mild steel in 1 M H,SO4 electrolyte. For
Acid corrosion proper evaluation, weight loss, electrochemical study, theoretical modeling and optimization
Mild steel . techniques were used. Weight loss and electrochemical methods shows that the inhibition per-
Electrochemical

formance of [C4MIM][OMs] on the metal surface strengthens as the concentration increases.
Maximum inhibition efficiency of 85.71%, 92.5% and 91.1% at 0.8 g L concentration of
[C4MIM][OMs] were obtained from the weight loss, polarization and impedance studies,
respectively. In addition, response surface methodology (RSM) a statistical tool was used for
modeling and optimization of the empirical data. The RSM model validates the empirical find-
ings. Also, DFT/MD-simulation investigations evidenced that [C4MIM][OMs] forms a barrier film
on the mild steel surface. The result shows that the synthesized [C4MIM][OMs] could open up
opportunities in corrosion and materials protection for sustainability.

MD-Simulation

1. Introduction

The use of metals and alloys in chemical, construction, petrochemicals and automobile industry has been on the increase due to
technological advancement. Metal corrosion becomes a significant industrial issue because it results in significant financial loss as a
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result of exposure to aggressive solutions [1-4]. When expose to some operating conditions like high humidity, pH variation, and
temperature, mild steel typically exhibits poor corrosion resistance [5,6]. The detrimental effects of metal degradation can be regarded
as the major source of equipment failure and engineering impairment which causes sudden shutdown and poor production output [7,
8]. The degradation of a metal’s surface as a result of environmental interaction is known as corrosion [9]. Various methods have been
adopted to control corrosion, such as the use of chemicals as corrosion inhibitors, surface coatings, cathodic and anodic protection to
combeat the high risk and hazardous effects of corrosion [10-13]. Thus, using corrosion inhibitors during the industrial pickling process
is one of the most effective approach.

Corrosion inhibitors are compounds that are intermittently introduced into the working fluid in small dose and adsorbed onto the
metal surface via chemical, mechanical, or both to prevent further surface dissolution and corrosion [14,15]. The use of corrosion
inhibitors has a distinct feature of not interfering with ongoing industrial operations. Corrosion inhibitors are used in many industries,
including oil and gas exploration and production, water treatment plants, and fertilizer plants [16,17]. However, the application of
some chemical based corrosion inhibitors have been limited as a result of their toxicity and immunological effect when exposed to the
body [18,19]. In addition, majority of these synthetic or imported chemicals are scarce, requires complex synthesis route and very
expensive to procure [20]. Nevertheless, many organic compounds having heteroatoms such as phosphorous, oxygen, nitrogen, and
sulfur has been recognized to be potential replacement to the toxic corrosion inhibitors [21]. According to science, the most essential
features for considering corrosion inhibitors are electron density, molecular structure, hydrophilicity, hydrophobicity, and dis-
persibility [22-24]. Due to the high electron density and basicity, corrosion inhibitors are mostly organic molecules containing het-
eroatoms and the advent of ionic liquid as a corrosion inhibitor is a desirable development.

Ionic liquid (ILs) are molten salts made up of organic cations and different anions. Ionic liquid base inhibitors have received
significant attention in the area of corrosion control due to their unique features like low melting temperature, good solvation,
negligible vapor pressure, high electrical conductivity, good thermal stability, non-toxic, availability and biodegradability [25]. These
attributes portrays ionic liquids as a good corrosion inhibitor for metals in different aggressive environment, thus reducing the cost of
equipment repair and importation of commercial inhibitors [26,27]. In view of the above highlights, some research works have been
carried out with positive outcome in the area of metal protection. A novel tri-cationic surfactant based ionic liquid containing three
quaternized nitrogen atoms was studied by Ref. [28]. The inhibition efficiency obtained at 5 mg/L concentration was above 90%,
showing that the anti-corrosion effect of the synthesized surfactant on the metal surface even at low inhibitor concentration. Also, a
novel bromide—cucurbit (7) uril supramolecular ionic liquid as a green corrosion inhibitor for the oil and gas industry was studied by
Ref. [29]. Its inhibition efficiency was 97.54% at 100 mg/L/0.06 mM, and it was more stable at high temperature (333 K). Similarly,
imidazolinium cation and 4-hydroxycinnamate anion ionic liquids as corrosion inhibitor for mild steel in 0.01 M NaCl alkaline so-
lution was tested by Ref. [30]. It was found that the inhibitors were anodic in nature and adsorbed on the steel surface by physical and
chemical methods. A new type of imidazole-based ionic liquids as corrosion inhibitor for steel in cement pore solution was investigated
by Ref. [31]. These ionic liquids were mixed-type inhibitors, and the n—electrons in the benzoyl rings were attributed to the good
inhibition performance of the studied ionic liquid. Also, the influence of imidazole-based ionic liquid as electrolyte additive on the
performance of alkaline air Al- battery was investigated by Ref. [32]. The inhibition efficiency observed was 58.2% when the con-
centration of HMIC was 7 mM, and the anode utilization increased to 82.9%. Hence, from the above highlights, ionic liquid has been
proven to be effective corrosion inhibitor owing to their molecular structure, biocompatibility, availability and environmental
friendliness. Also, a comparative analysis of previous works with the current research is presented in Table 1.

Furthermore, in the quest for predicting the optimum conditions that necessitate the inhibition efficiency, response surface
methodology (RSM) was employed as a statistical tool. Response surface methodology is a model equation used in solving complex,
quadratic and nonlinear engineering problems. Many researchers have found these tool as a unique algorithm to evaluate the inter-
active effects between an input and output variables [41].

Table 1
Reports on ionic liquid as corrosion inhibitor in different corrosive environments.
Ionic liquid (IL) compound Metal Media IE (%) Maximum conc. Inhibitor Reference
type
2-amino-4,5-imidazoledicarboxamide Aluminum 1 M HCl 94.50 0.005 M Cathodic- [33]
type
1-butyl-3-methylimidazolium thiocyanate Aluminum 6061 1 M HCI 98.20 3.00 Mm Mixed- type [34]
Alloy

Two trimeric cationic imidazolium salts (APMI N8O steel 0Oil field water 86.79 and 200 ppm Mixed-type [35]
and APBI) 90.47

t-histidine based Mild steel 1 M HCI 98.80 2.00 Mm Mixed-type [36]

Isostearyl ethylimidonium ethosulfate Mild steel 0.013 M Ca (OH)» 94.00 20 pmol ! - [37]
[Quaternium-32]

1-methyl-3-propylimidazolium iodide Mild steel 1 M H,SO4 91.00 1000 ppm Mixed-type [38]

1,3-bis [2-(4-Methoxyphenyl)-2-oxoethyl]-1H- Al-15 6061 0.1 M HCl and 0.1 98.30 and 0.05 mM and 0.5  Mixed-type [39]
ol-3-ium bromide M HySO4 98.80 Mm

1-butyl-1-methylpyrrolidinium Mild steel 3.5% NaCl 80.00 100 ppm Cathodic- [40]
trifluoromethylsulfonate type

1-butyl-3-methylimidazolium methane Mild steel 1 M H,SO4 92.50 0.8gL?! Mixed-type Present
sulfonate
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Hence, the novelties in this study work are as follows: (i) 1-Butyl-3-methylimidazolium methane sulfonate ionic liquid was syn-
thesized as shown in Scheme 1 (ii) the inhibition performance of [C4MIM][OMs] for mild steel in 1 M H,SO4 was evaluated; and (iii)
the inhibitory action of the ionic liquid on the Fe surface was theoretically and empirically studied, and finally (iv) the interactive
effects between the operating conditions and the expected response was predicted via RSM.

2. Experimental
2.1. Materials and metal preparation

Ethanol (CH3CH,0H) 96.8%, Acetone (CH3COCH3), 96.4%, n-methylimidazole, 1-butyl methyl sulfonate were purchased from
Sigma-Aldrich. Mild steel composition is as follows: Mn (0.14%), P (0.23%), Si (0.04%), S (0.11%), C (0.25%), Cr (0.03%), Ni (0.08%),
and Fe (99.12%). Prior to experiment, the specimen was cut into 4 cm x 3 cm x 0.1 cm, polished with emery papers (180, 200 and 1200
grits size). The impurities on the specimen was removed with acetone, rinsed with distilled water and dried in warm air. This is in line
with the conventional method already reported [42].

2.2. Ionic liquid synthesis/characterization and surface analysis

1-butyl-3-methylimidazolium methane sulfonate was prepared by mixing 0.60 g of n-methylimidazole (Sigma Aldrich, St. Louis,
USA) and 1.8 g 1-butyl-methanesulfonate (Sigma Aldrich, St Louis, USA) simultaneously inside a 250 ml tumbler and stirred for 30
min. The stirred mixture was put in a microwave and radiated for 8 min using 1-butyl-3-methylimidazolium tetrafluoroborate [bmim]
[BF4] as a catalyst at temperature of 110-115 °C [43]. The product was collected, washed four times and dehumidified using ethyl
acetate. [C4MIM][OMs] was obtained and the yield was 96.10% and melting point in the range of 71-73 °C. All chemicals employed
were of analytical grade and were used without further purification.

In order to have an insight on the structural characteristics of [C4MIM][OMs] molecules before and after corrosion, infrared
spectroscopy (FT-IR) was performed using PerkinElmer 100 F T-IR spectrophotometer meter for the pure and after corrosion inhibition
(5hr immersion). The FTIR analysis was performed within the wavelength of 400-4000 cm™2. Furthermore, SEM/AFM analysis of
corroded and inhibited metal surfaces after 5hr was performed using scanning electron microscope (model-JEOL-JSM-6390) Czech
Republic. Also, atomic mass spectroscopy was performed using Pipcoplus 2500 to successfully inspect the surface roughness of the
corroded and inhibited metal surface [44].

2.3. Mass loss analysis

Mass loss experiment was performed at temperatures 303-343 K to accurately evaluate the mass loss, corrosion rate (CR) and
inhibition efficiency (IE). The polished mild steel was measured using a weighing balance. The first weight of the coupon was recorded.
Subsequently, mild steel coupon was immersed into the test solution (1 M H»SO4). The mild steel coupon was removed after corrosion
test at varying time. The mild steel coupon was washed with acetone and rinsed with distilled water to remove external deposits and
later dried in warm air. Similar procedure was performed using varying concentration of [C4MIM][OMs]. In each case, weight loss was
evaluated as the difference between the initial weight of the steel and after corrosion test in acidic medium. The values were used to
calculate the CR and IE according to Egs. (1)-(3) [45,46].

Aw=w; — wy (€}
Wpi — Winh
CR=—F7+—"—— 2
A(m?) x (t)day 2
1% =2 — Y o 100 3)
Whi

Where w; and wy denote initial and final weight of mild steel specimen, respectively; wy; and w;, denote loss in weight in the absence of

N CH, |\+l .CH 3 9
O . =
/\ 0 /—/_ [bmim][BF, ] [ ) 0-S-CHg
+ H;C—S—O0 — N o)
N I 110 -115°C, 8 min
CH3 CHj3
1-Methylimidazole  n-butyl methanesulfonate 1-butyl-3-methylimidazolium
(C4HgN,) (C5H;,058) methanesulfonate
(CoH,gN,055)

Scheme 1. Synthesis route and chemical composition of [C;MIM][OM:s].
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inhibitor and loss in weight in the presence of inhibitor, respectively. A (mz) represents the area of the metal and (t) depicts the
immersion time. The surface coverage (6) was determined using Eq. (4) [47].

Wbl — Winh

0= (€))

Wyl

2.4. Electrochemical analysis

The electrochemical set up used in this investigation consists of VERSA-STAT 400 full set of DC voltammetry and a Potentio/
Galvonstat with E-chem software. Three sets of electrodes were used. The three-electrodes employed were mild steel used as working
electrode having the surface exposed by 1 cm x 1 c¢m in area (cm?), standard platinum foil as counter electrode, and a saturated
calomel electrode used as the reference electrode [48]. Electrochemical impedance spectroscopy (EIS) investigation was performed
using a potential of 5 mV at a frequency sweep of 1000 kHz-100 kHz. Tafel polarization test was performed at a potential range of
—200mV to +200 mV versus OCP at a scan rate of 0.5 mV s.. The anodic and the cathodic graphs of the Tafel plots were marked out to
obtain the corrosion current densities (i.rr). For an accurate reproducibility of acquired results, the mean value of duplicate experi-
ments was presented. Egs. (5) and (6) were employed to calculate the inhibition efficiencies [49].

IE% — <M> % 100 5)
Lcorr
Ri}nh — R°
IE% = | —2L1 x 100 (6)
Rmh
P

where iocorr, and icorr, signify corrosion current density in the blank and corrosion current density in the presence of inhibitor. Rg‘h and
R} denote polarization resistance in the presence of [C4MIM][OMs] and polarization resistance in the blank, respectively.

2.5. Theoretical modeling

Quantum chemical calculation was performed using BIOVIA material studio 7.0. The density functional theory (DFT) assemble
system DMOL3 was employed for the simulation of [C4MIM][OMs] ionic liquid and mild steel surface interaction. Electronic variables
employed comprises of an unrestricted spin polarization using dual numerical plus (DNP) base set 3.5 and perdew-wang (PW) local
relation density functional. Fe (110) was considered as the slab for the simulations. Imported Fe (110) surface was magnified to a 12x
10 super cell and calculations were performed in the super cell using a compass force field (COMPASS) and the smart computation
using NVT canonical ensemble.

2.6. Statistical analysis

Response surface methodology (RSM) is a statistical tool used for design and optimization process. RSM is capable of analyzing the
interactive effects (input and output variables) existing within a system thereby predicting the optimum conditions. The prime factors
considered as inputs are inhibitor concentration (A), temperature (B) and time (C), while the output is denoted as inhibition efficiency
(IE %) [50]. The regression model associated with the RSM is presented in Eq. (7).

Table 2
Effect of process variables (time, temperature, inhibitor conc.) and their reaction.

Time (hr) W, (8) CR, (mg/cm hr) w1 (8) CR1 (mg/cm hr) IE (%) ]

1.0 0.16 13.333 0.06 5.000 62.50 0.6250
2.0 0.37 15.417 0.07 2917 81.08 0.8108
3.0 0.56 15.556 0.08 2.222 85.71 0.8571
4.0 0.58 12.083 0.11 2.292 81.03 0.8103
5.0 0.60 10.000 0.12 2.000 80.00 0.8000
Effect of temperature (K)

303 0.52 14.444 0.12 3.333 76.92 0.7692
313 0.56 15.556 0.08 2.222 85.71 0.8571
323 0.57 15.833 0.09 2.500 84.21 0.8421
333 0.63 17.500 0.20 5.556 68.25 0.6825
343 0.65 18.056 0.22 6.111 66.15 0.6615
Effect of IL concentration

0.00 0.56 15.556 - - - -

0.20 0.24 6.667 57.14 0.5714
0.40 0.18 0.500 67.86 0.6786
0.60 0.13 3.611 79.79 0.7979
0.80 0.08 2.222 85.71 0.8571
1.00 0.10 2.778 82.14 0.8214
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Y=2,+ Zixi + Zoxa + Zsxs + Zioxixa + Zizxixs + Zazxaxs + Zixee + Zooxer + Zasxz )]

Y is the output (response prediction), representing the IE (%), Z, is the constant parameter, Z;, Z and Z3 are linear terms, Z12, Z;3
are product terms, Z11, Zos and Z33 are the quadratic terms. X; is taken to be coded factor (MI) normally programmed in levels of (0, —1,
and +1). From the 20 runs of experiment, design expert program was used to evaluate the analysis of variance (ANOVA) that was
utilized to analyze the design significance and predict the response (inhibition efficiency).

3. Result and discussion
3.1. Weight loss evaluation

Despite time-consuming approach of mass loss method in predicting corrosion rate and the inhibition assessment, it has remained
more reliable way of obtaining accurate data. Table 2 displays the gravimetric results for steel in blank 1 M H3SO4 solution and in
presence of [C4MIM][OMs] at varying concentrations at varying time. As evidenced, addition of more dosage of [C;MIM][OMs] into
the 1 M H2SO4 solution expedites the anti-corrosion ability of [C4MIM][OMs]. Also, accompanied by regular increase in [C4MIM]
[OMs] concentration and time, corrosion rate decreases, while surface coverage increases which is evidenced by the virtue of the
inhibitor molecules to shield the steel surface from dissolution [51]. These behavior shows that the anti-corrosion ability of [C4MIM]
[OMs] increases with respect to inhibitor concentration and time as shown in Table 2. As evidenced in Table 2 inhibition efficiency of
85.71% prevailed at 0.8 g L7 of [C4MIM][OMs]. The inhibition performance of [C4MIM][OMs] is due to the heteroatoms and dis-
persibility of the ionic liquid molecule on the metal surface which give rise to large inhibitor molecule coverage. However, highest
inhibition efficiency was attained at 3 h and temperature of 313 K. The observe trend is due to less acquisition of energy influence that
may cause desorption of ionic liquid molecules from the metal surface at the initial stage of inhibitor adsorption and at medium
temperatures. At high temperatures, dissolution of mild steel is enhanced, therefore the value of the inhibition efficiency tends to
decrease appreciably. This phenomenon is attributed to the severe acquisition of energy within the system which affect the corrosive
solution and consequently results to instability and desorption of ionic liquid molecules from the mild steel surface within the tem-
peratures of 333-343 K [52].

3.2. Inhibitor characterization via FTIR, and surface analysis (SEM/AFM)

Fourier transform infrared spectroscopy (FTIR) is an analytical tool used to identify the presence and nature of functional groups in
a compound [53]. FTIR technique was used in this present study to elucidate further on the functional group present in the pure ionic
liquid and that of after corrosion inhibition study as shown in Fig. 1a-b. Fig. 1a revealed the presence of peak number 1043.7-1151.7
cm ™! assign to C-0, nitro peak number 1283.6 cm ™! assign to N-O, nitrile peak number 1401.5 cm ™! assign to C-N, acid anhydrite
peak number 1625.1-2173.0 cm ™! assign to C=0, aldehyde peak number 2974.4 cm™! assign to C-H, amine/alcohol peak number
3399.9 cm ™! assign to N-H/O-H groups which can be ascribed as their functional groups. Furthermore, Fig. 1b shows a significant
effect of [C4MIM][OMs] at 0.8 g L on the mild steel surface in 1 M HS04 solution after immersion for maximum period of 5hr. Close
examination of the FTIR spectra after corrosion inhibition reveals appreciable change in the peaks and intensities [54]. In addition,
Fig. 1b revealed fewer peaks that corresponds to C-0, C=0 and O-H and their peak order are 1084.7 cm ™%, 1636.3 cm™! and 3339.7
cm ™, respectively. Stretched C-O at 1043.7-1151.7 cm ™! shifted to C-O at 1084.7 cm L. Stretched C=0 at 1625.1-2173.0 cm™!
shifted to C=0 at 1636.3 cm ™! and stretched O-H at 3399.9 cm ™! adjusted to 3339.7 cm™!. More so, one can attribute it to the
synergistic performance of the functional groups of [C4MIM][OMs] molecules to bind with Fe?* from the mild steel surface that
resulted in the formation of [C4MIM][OMs] /Fe?t complexes [31].

140 140
(b)
120 a Pure [C4MIM][OMs 120 " . <
) [C4 Il 1 —— Mild steel in H,SO, with [C,MIM][OMs]

~ 100 i
§ ;\; 100
o o
g 804 Qg0
£ 4
£ 4 A
E o0 E 60
[ [
o o
= 40 = 40

20 20

0 T T T T T T T o T T T T T T T
1000 1500 2000 2500 3000 3500 4000 4500 1000 1500 2000 2500 3000 3500 4000 4500
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Fig. 1. (a) FTIR analysis of [C4MIM][OMs]; (b) adsorbed [C4MIM][OMs] molecule.
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Also, atomic force microscopy (AFM) in addition with scanning electron microscopy (SEM) were used to analyze the surface
morphology of blank and inhibited metal surfaces immersed in 1 M H2SO4 solution for 5hr at optimum inhibitor concentration of 0.8
g/L as shown in Fig. 2. As evidenced, in the absence of the inhibitor, Fig. 2a shows a mountain like deposits with dark pits owing to the
acid penetration to the steel surface, while Fig. 2b exhibited plane surface due to better surface coverage owing to the ionic liquid
adsorption. As a result, the mean surface crack of the steel was successively reduced owing to the attachment of the inhibitor molecule
on the steel surface. Fig. 2c-d presents the SEM result that depicts corroded mild steel by the acid solution. Corrosion cracks and pits
were visible because of the acid penetration to the mild steel. Conversely, Fig. 2d portrays a smooth surface which was protected by
[C4MIM][OMs]. This is attributed to decrease in attack due to the addition of [C4MIM][OMSs] molecules in the environment that
retards the action of corroding moieties. The corrosion inhibition of [C4MIM][OMs] is enhanced by increasing the concentration which
promotes efficient surface coverage and rapid bonding of inhibitor molecules on the metal surface [4].

3.3. Isotherm study

It is important to study the kinetics involved in the interaction of mild steel in acidic solution (blank) and inhibited solution [55].
When a metal is dipped into an electrolyte, oxidation of the metal to some intermediate state occurs. The charge distribution relies on
the effects of steel, nature of corrosive media, coupled with the degree of solubility of negative ions in water [56]. The procedure
associated with mild steel dipped in 1 M H2SO4 in the presence of [C4MIM][OMs] is mostly investigated using the adsorption isotherm
[57]. In this regard, adsorption isotherms including the Temkin, Frumkin, Langmuir and Flory-Huggins isotherms were tested using
data obtained from the experiment at 313 and 323 K, and the Langmuir isotherm model gave best fit as shown in Fig. 3. As displayed in
Fig. 3, a linear graph accompanied by a relationship coefficient (R%) of 0.9953 and 0.9880 was obtained at 313 and 323 K. These
findings confirm that the surface of [C4MIM][OMs] molecules on the mild steel surface conform to Langmuir adsorption isotherm in
accordance with Eq. (8) [58,59].

c 1

T c (8)
where the C represents inhibitor concentration in (gL 1), 6 is surface coverage of corroding mild steel and K, denote the equilibrium
constant for [C4MIM][OMs]/mild steel interface. The Gibb’s free energy (AG,qs) was computed from Langmuir isotherm parameters
using Eq. (9) [60,61].

AG,y = — RT In (55.5K.) 9)

where R denotes molar gas constant of value 8.3142 J K mol ™}, T indicates gas temperature, K, denotes the coefficient of adsorption

(b)

120
90

@

Fig. 2. (a) AFM image of MS in 1 M H,SO4 without and (b) with 0.8 g/L of [C4MIM][OMs], (c) SEM image of MS in blank; (d) in presence of 0.8 g/L
of [C4MIM][OMs] for 5 h.
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Fig. 3. Langmuir isotherm plot for [C4MIM][OMs] in 1 M H,SO, solution at 313 and 323 K.

and 55.5 signifies molar concentration of water fragments contained in 1 L acid solution. Computed values of K, and AG,qs obtained
from interaction of [C4MIM][OMs] on mild steel surface are shown in Table 3. The associated negative values of AG,gs corroborates
that the adsorption mechanism is spontaneous. Basically, a value of AGags approaching —20 kJ mol™! stand for physisorption mech-
anism, while the value close to —40 kJ mol™” or higher negative values signifies chemisorption mode [62]. In this study, the observed
AGags values were less than —40 kJ mol ! which strongly suggest that the mild steel surface is totally covered by [C4MIM][OM:s]
molecules via physical process. This process of physical adsorption produced the desired barrier that prevented the mild steel from
degradation in the acid medium [59].

3.4. Temperature effect and activation parameters

Change of temperature and activation energy on mild steel corrosion in 1 M HySO4 was examined by appraising corrosion rate at
temperature of 313 and 323 K. Table 4 demonstrated that favorable inhibition efficiency of [C4MIM][OMs] molecules is accomplished
at medium temperature range of 313 K and the IE % decreases as the temperature increases. This stipulates that corrosion inhibition of
[C4MIM][OMs] was determined by temperature effect. Herein, increase in temperature weakens the bonding between [C4MIM][OMs]
molecules and that of metal surface thereby reducing the surface coverage and leaving the steel surface vulnerable to corrosion damage
[63,64]. In other to examine the relationship between heat, temperature, and energy change within the system, thermodynamic
parameters were considered. Arrhenius equation was used to scrutinize temperature dependent of the CR. The Arrhenius Equation is
stated in Eq. (10).

E[L

logCR=logA — BT a0
Where, R denotes gas constant equal to 8.3142 mol ! K1, T signifies Kelvin temperature, E, mean activation energy and A stand for
Pre exponential component, respectively. The change of the logarithm of corrosion rate with the inverse of temperature for mild steel
dissolution is presented in Fig. 4 while, Table 5 shows calculated thermodynamic variables from the Arrhenius model. It is worthy to
note that the obtained value of the activation energy was positive and greater than the one for the blank solution, this suggest that the
performance of [C4MIM][OMs] increases with concentration and that activation energy of the system containing an inhibitor will be
higher compared with the activation energy of blank system [62]. In this regard the dissolution of mild steel in 1 M H3SOj4 is slower
with addition of [C4MIM][OMs] and occurs via physical adsorption mechanism while, the reverse process is chemisorption [65]. To
evaluate other thermodynamic parameters such as the enthalpy of activation (AH,) and entropy of activation (AS) the transition state
Eq. (11) was employed.

RT (%) (7%5“)
CR=— ex; ex; 11
i P p (1D
Table 3
Langmuir parameters of [C;MIM][OMs] in 1 M H,SOj4 electrolyte at 313 and 323 K.
Temperature (K) K, (Lmol™ 1) Slope R? AG,gs (kJmol™1)
313 225.44 1.0394 0.9953 —24.55
323 192.60 1.2166 0.9880 —24.90
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Table 4
Variables obtained from gravimetric experiment for corrosion of MS in 1 M HSO4.
Inhibitor conc. T CR (mg cm ~2h) Table 5: Parameters obtained from mass loss experiment for mild log (CR) (mg 1I/TK DX  IE (%)
(gL™h (K) steel immersed in 1H,SO,4 with out and with 0.8 g/L [CIMIM][OMs]. em ~2h) 1073
Blank 303 14.444 1.1597 3.3 -
313 15.556 1.1919 3.2 -
323 15.883 1.2009 3.1 -
333 17.500 1.2430 3.0 -
343 18.056 1.2566 2.9 -
With 0.8 g L' of 303 3.333 0.5228 3.3 0.7692
[C4AMIM][OMs]
313 2.222 0.3467 3.2 0.8571
323 2.500 0.3979 3.1 0.8421
333 5.556 0.7447 3.0 0.6825
343 6.111 0.7861 2.9 0.6615

1.2 .\.\l\.\.
= 1.0
o
g
o
o8] .
E’ °
[$)
>
S 0.6
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e  With [C4MIM][OMs]
0.4 {— Linear °
—— Linear o
29 3.0 3.1 3.2 3.3

T'(K")x 107

Fig. 4. Arrhenius graphs for mild steel corrosion in 1 M H2SO4.

Table 5

Thermodynamic parameters from Arrhenius plot for mild steel corrosion in 1 M HySOj4.
Inhibitor (gL’l) Gradient (mg K cm 2h) x107° R? Intercept E, (kJmol™) AS ((kJmol 1) AH, (kJmol™ )
Blank —0.2449 —0.98353 1.9696 0.0049 —159.866 —4.689
With [C4MIM][OMs] —0.9246 —0.73466 3.4259 0.0177 —131.981 —17.704
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Fig. 5. Polarization curve for mild steel corrosion in blank 1 M H,SO4 and with [C4MIM][OMs].
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where AS signifies entropy of activation, AH, denotes the enthalpy of activation, h stand for Planck’s constant equal to 6.6261x10~3*

__AH
2:303R

log(£) + (5455) deduced from the plot of log (CR/T) vs 1/T and were employed to evaluate worth of AS and AH,, respectively [66].

0—23

and N denotes Avogadro’s constant of value 6.023 x 1 , respectively. The gradient equal to and the intercept equivalent to

The adsorption capability of [C4MIM][OMs] molecules can be proven via substitution of water molecules by the ionic liquid ([C4MIM]
[OMSs] (solution.)) On the Fe surface (H2O4q4s.) [65]. This action revealed that the cathonic molecule from the ionic liquid is bonded on the
mild steel surface via electrostatic force and this action successfully protected the mild steel from further deterioration [66].

3.5. Electrochemical measurement

Potentiodynamic polarization curve for mild steel in blank and inhibited acid solution is presented in Fig. 5. The blank serves as the
control. As evidenced, the addition of [C4MIM][OMs] into the electrolyte reduces the effect of the corrosion current densities of the
anodic and cathodic sides of the graph compared to the uninhibited solution. By this action, corrosion potential (Eo, ) and corrosion
current density (icorr) shifted to a new value that stabilizes the system [32,67]. This phenomenon shows that [C4MIM][OMs] molecules
obviously obstruct the mild steel corrosion in the acid environment. Close scrutiny of the Tafel polarization shows that [C4MIM][OMs]
molecules controlled both corrosion rate of the steel and hydrogen evolution [68]. At this moment the anodic (8,) and cathodic ()
region were extrapolated. The corrosion current density (icor) and corrosion potential (Ecorr) are shown in Table 6. The inhibition
efficiency attained for the Tafel polarization analysis was 92.5% at 0.8 g L' inhibitor concentration. The potentiodynamic curves were
less than 85 mV at maximum inhibitor concentration which establishes [C;MIM][OMs] as a mixed-type inhibitor [8], but cathodic
predominance [69].

Furthermore a non-destructive test via electrochemical impedance spectroscopy (EIS) approach was considered for mild steel
dissolution in blank 1 M H2SO4 and inhibited solution as presented in Fig. 6. It shows the surface reactions occurring at the Fe solution/
interface. Evidently, Fig. 6a, depicts the Nyquist plot for mild steel dissolution in 1 M H2SO4 and with varying [C4MIM][OMs]. The
blank solution was used as a control factor in comparing the inhibited results. The Nyquist plot evidenced a depressed semicircle for the
blank and in the inhibited solutions with a double hump nature for the inhibited solutions [70]. However, the Nyquist plots obtained
for the inhibited solutions exhibits high diameter compared to the blank sysytem. This observation demonstrates an intense charge
transfer that enhances surface resistance of mild steel when the concentration of [C4MIM][OMs] increases compared to the blank
system [71]. This phenomenon indicates the presence of a barrier film layer on the mild steel surface which preserves the steel surface
[72]. An increase in magnitude of the impedance spectra was observed from the electrolyte containing 0.8 g Lt [C4MIM][OMs]
compared to the system having 0.2 g L1 [C4MIM][OMs]. In addition, phase plots and Log modulus plots revealed that the corrosion
inhibition of [C4MIM][OMs] was successively enhanced by the amount of [C4MIM][OMs] added into the electrolyte as shown in
Fig. 6b—c. This process is ascribed to even distribution of [C4MIM][OMs] molecules on the mild steel imparting enough surface
coverage that forms a barrier film obstructing the ingress of the corrodent [32]. The calculated worth of log/Z/enhanced significantly
at low frequency with respect to [C4MIM][OMs] concentration. The impedance variables were fitted into equivalent circuit (Fig. 6d) as
previously reported in literature [49]. The circuit diagram is made up of electrolyte resistance (R;), charge transfer resistance (Ret) +
inhibitor film resistance (Ry)), and CPE respectively. The CPE was employed to scrutinize and obtain a precise fit of the impedance data
(Fig. 6d). The relationship correlating the CPE with the impedance of the system is given as Eq. (12) [48].

ZCPE — Yo—l (jo)i—n) (12)

where, n and Y, are the exponent and the CPE, respectively, j> = —1 represent the imaginary number, ; denotes angular frequency
measured in rads~!, when n = —1, is an inductor, if n is 0, it is a resistor and if nis 1, itis a capacitor [48,73]. The "'n” value estimate the
nature of the electrode surface with respect to blank and inhibited surfaces. The EIS data obtained are presented in Table 7.

3.6. DFT/MD-simulation approach

DFT is a simulation model developed to ascertain the correlation between experimental and theoretical data. The DFT gives a
comprehensive information of the inhibitor film on the metal surface. Therefore, is quite fascinating researching on electron allocation
in frontier molecular orbital (FMO), as to scrutinize the reactivity of the ionic liquid molecules. DFT was employed to determine the
geometric configuration by the aid of Dmol® software (Biovia). The optimized structure of [C4MIM][OMs] was realized employing the
double numerical plus (DNP) base set. The optimized inhibitor molecule is shown in Fig. 7a. In addition, the active sites like the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital LUMO were studied [74].

Remarkably, the study of the HOMO and LUMO helped to have a recognition into the inhibition processes of the [C4MIM][OMs]
regarding Fe (110) plane concerning investigating the structure-reactivity relation. Fig. 7b—f shows the electron density, HOMO, and

Table 6

Polarization study for MS corrosion in 1 M H,SO, in blank and with [C4MIM][OMs].
Method Ecor (MV vs SCE) Teorr (HA cm™2) PBa (mvdec ™) B (mvdec 1) IE (%) 0
1 M H3S04 —769.4 645.9 346.7 290.6 - -
0.2g Lt —745.3 70.4 286.4 265.7 89.1 0.891
08¢g Lt —728.2 48.7 266.3 258.3 92.5 0.925
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Fig. 6. (a) Nyquist (b) Phase angle (c) Log Modulus plot (d) equivalent circuit model for mild steel immersed in blank 1 M H,SO,4 and in varying
inhibitor concentration.

Table 7

Impedance variables for corrosion control study in 1 M HySO4.
System R; (Q cm) R, (Q cm) Yo(x 107°)Q tem™ n Cdl( x 10~°)uFem™2 IE %
Blank 0.05 0.110 2.01 0.92 1.02 -
02¢g Lt [C4MIM][OMs]] 0.07 0.793 7.26 0.93 2.56 86.1
08¢g L [C4MIM][OMs] 0.09 1.236 4.03 0.93 2.50 91.1

Fig. 7. DFT features of [C4MIM][OMs] (a) Optimized structure (b) Electron density (¢) HOMO (d) LUMO (e) Electrophilic (f) Nucleophilic. Atom
legend: white = H; gray = C; red = O; blue = N and yellow = S.
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LUMO distribution of [C4MIM][OMs] molecules. As evidenced from Fig. 7c-d both HOMO and LUMO orbital distributions show
significant divergence in the entire molecules. These outcomes demonstrate that [C4MIM][OMs] molecules have mobile locations by
virtue of which they can interact with the mild steel surface [75]. Also, the HOMO orbitals are frequently connected with the capability
to donate electrons from inhibitor molecules to a relevant acceptor [76] which is accredited to the high value of Egomo (- 4.0640)
energies compared to Epyyo (—1.0085). The HOMO and LUMO distributions in the [C4MIM][OMs] molecules are centralized inside
the structure of nitrogen (N") atom and equally localizes inside oxygen (O~) atom [27]. This shows that the chemical reactiveness of
[C4MIM][OMs] molecules with Fe (110) plane will probably occur through the portion of [C4MIM][OMs] structure comprising ni-
trogen and oxygen particles like C=N, C-O, C-N, N-N, C-O and the n-electrons [76]. This present findings reveals that the active sites
of [C4MIM][OMs] molecules could attached on the mild steel surface. The LUMO distribution portray receptor orbital of the inhibitor
molecules [77,78]. The energy gap is defined as the difference of highest occupied molecular orbital and the lowest unoccupied
molecular orbital (AE = E ymo - Egomo)- The difference in energy value indicates high inhibition efficiency of [C4MIM][OMs] mol-
ecules. As reported by Koopmans’s model, it describes the relationship linking HOMO and LUMO regions as given in Eq. 13 and 14.

I= — Enomo (13)

A= — Erumo 14

The efficiency of [C4MIM][OMs] molecules was studied ascertaining the variables and estimating the global parameters like
softness (c5), electronegativity index (X.), chemical hardness (ng), electrophilicity (we), fraction of electron transported (AN), dipole
moment () as well as the back donation (AEr) during interaction using Egs. (15)-(21) [77,79].

_IE—EA

2 (15)
(sv*l (16)
Ty
X5:IE+EA a7

2

_ (IE+EA)
We = S{E + EA) (18)
X — X;
N =i 19

2(n,, +ny) (19
i=\w.2n, (20)
AE; — JZI @1

The computed values are shown in Table 8, it shows that global hardness is 1.5278 and greater than zero advocating charge
transport from [C4MIM][OMs] molecules to the steel surface. Also, total change in energy during back donation (AEt) was less than
zero (—0.3820), evidently implies back donation from the mild steel surface to the [C4MIM][OMs] molecule thereby relating total
change in energy to the global hardness of the particle according to Eq. (21) [79]. The electronegativity (X.) provides an idea for
[C4MIM][OMs] reactivity and selectivity as corrosion inhibitor [77]. According to Refs. [80,81] electrophilicity index (w,) describes
the capacity of [C4MIM][OMs] molecules to accept or donate electron, calculated value of w, (0.8899) suggests electron donation to
the metal, which indicates greater reactivity of [C4MIM][OMs] molecules and exhibited high inhibition level. The fraction of electron
transferred (AN) arises as a result of flow of electron from a less electronegativity molecules to the electronegativity metal [73].

Table 8

Estimated chemical quantum parameters for [C4MIM][OMs] particle.
DFT parameters [C4MIM][OMs]
Enowmo (V) —4.0640
Erumo (eV) —1.0085
AE (eV) 3.0555
ITonization potential; IE (eV) 4.0640
Electron affinity; EA (eV) 3.0555
Hardness; n, (eV) 1.5278
Softness; o, (eV ™) 0.6545
Fraction of electron transferred; AN (e) 2.2909
Electrophilicity index; w, (eV) 0.8899
Electronegativity parameter X, (eV) 3.5598
Back donation AE; —0.3820
Dipole moment y (debyes) 1.6490

11
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According to Ref. [40], when small amount of electron transported is greater than zero, there is movement of electron from the in-
hibitor molecule to the metal surface. Appreciably, the amount of electron donated is related to the high inhibition efficiency. This
implies that the inhibition ability of inhibitor [C4MIM][OMs] molecule is enhanced when AN < 3.6 [14]. Dipole moment (x) is
employed to predict the ability of a corrosion inhibitor to inhibit corrosion. Dipole moment estimates the polarity in bond and
quantifies the volume of [C4MIM][OMs] molecules. An increase in value of 4, makes the inhibitor molecules easier to adsorb and bond
onto the mild steel surface [72]. Also, literature reveals that corrosion inhibition efficiency do not depend on the value of y [82].
Interestingly, the result exhibited in Table 8 shows that [C4MIM][OMs] molecules have a considerable dipole moment value which
facilitates adsorption onto the mild steel surface.

As evidenced, Fig. 8 exhibit the surface probing of [C4MIM][OMs] molecules together with Fe (110). This result was performed via
the MD-simulation approach to envisage inhibition characteristics of [C4MIM][OMs] molecules on the Fe (110) plane in gas and liquid
phase. Fig. 8a-b shows the top view and the side views of [C4MIM][OMs] molecules in gas phase. Also, Fig. 8(c—e) exhibits the top
view, side and front view for [C4MIM][OMs] molecules on the Fe (110) plane in liquid phase. Based on the simulation, a flat adsorption
of [C4MIM][OMs] molecule was seen on the Fe surface in a well arrange form. In all, the adsorption position of the inhibitor is directly
in contact with the mild steel surface hence, promoting degree of surface coverage. This action exhibited by [C4sMIM][OMs] molecules

Fig. 8. (a) the on-top view; (b) the edge sight of smallest energy adsorption model for Fe (110) plane inside gas phase; (c); (d) and (e) top, edge and
front sight for Fe (110) facet in liquid phase. Atom legend: white = H; gray = C; red = O; blue = N and yellow = S.

12
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could be accredited to the heteroatoms present in the inhibitor.
3.7. Mathematical and statistical analysis

In order to evaluate and predict the experimental data, 3D-surface plots were employed to examine the parameters that possess
notable outcomes in the corrosion inhibition process. As evidenced, Fig. 9 shows the physical interaction of [C4MIM][OMs] molecules
on the mild steel with the input variables. The effect of temperature, time and [C4MIM][OMs] concentration were considered. A graph
of the response versus experimental was plotted (Fig. 9a), a linear relationship was observed showing a good model. Fig. 9b—c, revealed
that increase in [C4;MIM][OMs] concentration at 0.8 g L enhances the surface coverage of the mild steel. The effect of temperature on
the output was studied as shown in Fig. 9b and d). Increasing the temperature up to 323 K weakened the [C4MIM][OMs] thus,
dispersing the inhibitor molecules from the mild steel surface. As temperature increases, the magnitude of corrosion increases owing to
the dispersion of [C4MIM][OMs] molecules on the metal surface leaving the mild steel prone to acid penetration. Effect of exposure
time was considered (Fig. 9c and d). This normally examines the strength of the barrier film layer formed on the steel surface. In the
first instance, adsorption of [C4MIM][OMs] molecules on mild steel was observed, but at some points, further rise in temperature
decreases the surface coverage and promotes corrosion. This mechanism reveals a negative factor affecting the degree of metal pro-
tection over time.

Conversely, at optimum concentration of 0.8 g L1 [C4MIM][OMs] remarkable inhibition level was attained due to the presence of
more [C4MIM][OMs] molecules required for adsorption on the mild steel surface. As evidenced, Table 9 shows that gradual rise in
[C4MIM][OMs] concentration, increases the metal surface coverage owing to its molecular structure and composition. The inhibition
efficiency of 85.71% was recorded in Table 9. Similarly, at the expiration of 3hr of immersion, the inhibitor molecules seem to reach
equilibrium state, therefore no observable change was noted afterwards. Furthermore, Table 10 shows that estimated inhibition ef-
ficiency was 84.06% at of 0.76 g L' [C4MIM][OMs] concentration, 313 K temperature and 2.78hr of immersion time. A percentage
deviation of 1.96% and a standard deviation of 1.17% of the inhibition efficiency were achieved. The small estimate of the standard
deviation signifies that the computed value of the inhibition efficiency at optimum conditions are close to the mean value and cor-
relates with the experimental result.

Where Factor 1 = A: inhibitor conc. (g/L); Factor 2 = B: temperature (K); Factor 3 = C: time (hr); Response Z = IE: inhibition
efficiency.

3.7.1. Model suitability
Three variables were extensively connected with a response employing quadratic design equation. The regression model from the
experimental data recorded as coded factor is presented as Eq. (22).

Z= +86.03 +2.95A — 3.41B + 5.93C + 1.31AB — 1.56AC — 7.06A* — 10.77B* — 15.27C2 (22)

Owing to the input parameters examined, the influence of one parameter is acceptably complacent by the measure of one element.
In this regard, favorable action stipulates joined effect, on the other hand an unfavorable action designates opposed operation.

Furthermore, to adequately scrutinize the proposed model suitability, analysis of variance (ANOVA) were employed [83]. The
ANOVA calculations were shown in Table 11. The F-distribution value of 147.07 was recorded showing high F-value and depicts that
the design is statistically significant. This might occur due to noise, attributed to the heteroatoms of the inhibitor molecules. The
coefficient of determination (R?) of the design is 0.9943 and it revealed a satisfactory fitting connecting estimated value and empirical
data. Furthermore, R? value shows high-level reliance and link connecting the estimated inhibition value [84]. Predicted R? value is
0.9415. This is justifiable with Adjusted R? value of 0.9858, Adeq precision evaluates the linear line to the scattered point. A proportion
bigger than 4 is recommended. The proportion value of 37.3464 shows the accuracy of the design. From Table 11, p-value is less than
0.0500. Thus, coded factors of A, B, C, AC, A%, B2, C? are the outstanding parameters for the inhibition process.

4. Conclusion

[C4MIM][OMs] based ionic liquid acts as a good corrosion inhibitor for mild steel in acidic environment.

The adsorption isotherm obeys Langmuir adsorption model.

» The electrochemical data indicates that [C4MIM][OMs] based ionic liquid acted as a mixed type inhibitor with cathodic
predominance.

The theoretical studies (DFT/MD-simulation) validates the experimental findings.

» The statistical design generated via RSM analyzed the quadratic interactions between the input parameters and predicted response.
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Fig. 9. RSM plot for low-carbon steel in 1 M H2S04: (a) Response against experimental IE%; (b) temperature against inhibitor concentration; (c)
time against inhibitor concentration; and (d) time against temperature.

Table 9
RSM prediction for low-carbon steel in 1 M H,SOy4.
Std Run Factor 1 Factor 2 Factor 3 Response 1
13 1 0.8 313 1 62.50
6 2 1.0 303 5 61.00
15 3 0.8 313 3 85.71
7 4 0.6 323 5 53.00
9 5 0.6 313 3 76.79
20 6 0.8 313 3 85.71
3 7 0.6 323 1 36.00
17 8 0.8 313 3 85.71
5 9 0.6 303 5 60.15
18 10 0.8 313 3 85.71
12 11 0.8 323 3 74.58
11 12 0.8 303 3 76.92
8 13 1.0 323 5 58.00
16 14 0.8 313 3 85.71
10 15 1.0 313 3 82.14
1 16 0.6 303 1 50.00
19 17 0.8 313 3 85.71
14 18 0.8 313 5 80.00
4 19 1.0 323 1 48.34
2 20 1.0 303 1 56.00
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Table 10
Validation calculations for mild steel in 1 M H3SO4.
Position [C4MIM][OMs] Time Temperature Estimated (IE Experimental (IE Percentage Deviation Standard Deviation
gL™ (hr) X %) %) (%) (%)
Optimal result 0.76 g L! 2.78 313.97 84.06 85.71 1.96 1.17
Duplicate 0.8gL! 3.00 313.00 84.06 85.69 1.93 1.15
result
Table 11
ANOVA result for response surface methodology for low-carbon steel in 1 M H,SOj4.
Source Sum of Squares Df Mean Square F-value p-value Prob > F
Model 4690.84 9 521.20 147.07 <0.0001 Significant
A-Inhibitor concentration 87.26 1 87.26 24.62 0.0006
B-Temperature 116.62 1 116.62 32.91 0.0002
C-Time 351.77 1 351.77 99.26 <0.0001
AB 13.76 1 13.76 3.88 0.0771
AC 19.50 1 19.50 5.50 0.0409
BC 16.56 1 16.56 4.67 0.0559
A? 136.96 1 136.96 38.65 <0.0001
B? 319.12 1 319.12 90.05 <0.0001
c? 641.42 1 641.42 180.99 <0.0001
Residual 35.44 10 3.54
Lack of Fit 35.44 5 7.09
Pure Error 0.0000 5 0.0000
Cor Total 4726.27 19
Adj R- square 0.9858
Pre-R - square 0.9415
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