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ABSTRACT

Chemical, electrochemical and quantum chemical techniques were used to study the corrosion inhibition and
adsorption processes of L-Methione (LM). The results obtained indicate that the inhibition efficiency increases with
decreasing temperature and increasing concentration of inhibitor. It has been shown that the adsorption of LM on
mild steel obeys the Temkin adsorption isotherm at all studied temperatures with negative values of 4G,y
suggesting a stable and a spontaneous inhibition process. Polarization data show that the compound behaves as a
mixed type inhibitor. Polarization parameters were determined with maximum value of inhibition efficiency for 5 x
10* M concentration of the inhibitor at 303 K is 79.9 %. From Nyquist plot of electrochemical impedance
spectroscopy, polarization resistance (R;) increased with increasing inhibitor concentration whereas double layer
capacitance (Cy) decreased indicating a decrease in local dielectric constant suggesting that the inhibitors function
by forming a protective layer at the metal surface. Quantum chemical approach was further used to calculate some
electronic properties of the molecule in order to ascertain any correlation between the inhibitive effect and
molecular structure of LM.

Key words: L-Methione (LM), electrochemical impedance spestopy, corrosion inhibition, Temkin adsorption
isotherm, mild steel (MS).

INTRODUCTION

Metal surfaces are extensively used in a varietyndiistrial applications such as petroleum, textitel marine
industries as a component of pumps or valves thaty cvarious types of substances. However somehedet
substances are highly corrosive and include suthisos as hydrochloric acid [1]. For instance tlie petroleum
industry hydrochloric acid solutions are widely liméd for oil well acidizing, while in marine indtries
hydrochloric acid is largely used for pickling poges [2]. The corrosion of metal surfaces causgg financial
damages to the industries annually, what has leah tincrease in the search for substances thatlegandown or
prevent corrosion rate. Corrosion is a major camggobally due to the destructive attack of mebglchemical and
electrochemical reactions. Though corrosion acteems slow and negligible, it is complex to analyeeause it
involves a large number of variables. Corrosioddfined as the process in which a metal or itsydfiaconsistently
transformed from the pure metallic form to the @éd state by interacting with the environment]1,2

Corrosion can take place in different media: acidigaline or neutral; and in various ways eitheerothe entire
surface of the metal, electrochemically betweendifferent metals or between two points on the ngiaface that
have different chemical activity. Corrosion consief at least two reactions on the surface of tireoding metal;
one is the oxidation, also referred to as anodIt reaction; the other is reduction reaction, ateferred to as
cathodic half reaction [3].
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Negligence of the basic corrosion protection teéty can lead to expensive problems not only fignzut also

with respect to safety as well. This is why antirosion techniques are of much importance and ttey be

determined at two levels: prevention at the stagiesign, the “cure” stage after corrosion hasrsethese include
engineering design, anodic protection, linninghodtc protection and corrosion inhibition. Corrasioontrol of

metals is of technical, economic, environmentat] aesthetical importance. The use of inhibitorsrie of the best
options of protecting metals and alloys againstaion [4].

L — Methione(LM) has not been investigated as am inhibitor. Hence, this work deals with thedstwof the
corrosion inhibition properties of this compoundheTaim of this study was to determine the inhibitaficiency of
LM as an inhibitor for the corrosion of mild stéal2 M HCI. Three techniques were employed to cauy the
measurements: (a) chemical (weight loss) (b) edlebmical (potentiodynamic polarization) and (c)lenalar
modeling.

The molecular structure of L — Methione(LM)is agai below:

H,N,,,

”~
H,C
Figure 1: The chemical structure of L — Methione(LM)

MATERIALS AND METHODS

2.1 Materials

Material used for the study was mild steel shebé Sheet was mechanically pressed cut into cougfasisnensions
5 x 4 x 0.11 cm for weight loss studies and 2 x41.8.11 cm for electrochemical studies with a halade for
insertion of the hooks. The coupons were polishél series of emery paper of variable grades sintiith the
coarsest and then proceeding in steps to the fi{@®}) grade, degreased with ethanol, dipped ittoaeeand
allowed to dry in the air before it was preservediidesiccator [5, 6,7,8,9]. All reagents usedtfier study were
Analar grade and distilled water was used for tpeaparation. The chemical composition of the rsiiekel used is
as shown in Table 1.

Table 1. Chemical Composition of Mild Steel Sample@Nt %)

C 0.17
Si 0.26
Mn 0.46

P 0.0047

S 0.017
Fe Bal.

2.2 Gravimetric measurements

The apparatus and procedure followed for the weimgg measurements were as previously reported §1.0¥he
corrodent concentration was kept at 2 M HCI andvbleme of the test solution used was 100 mL. &dits were
made in aerated solutions. The difference betwkemeight at a given time and the initial weighttlod coupons
was taken as the weight loss which was used to atarpe corrosion rate given by [11]:

Corrosion rate, p= % (1)

Where, AW is the weight loss, A is the total area of thddnsteel coupon, t is the corrosion time gnik the
corrosion rate.
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P - P
P

SurfaceCoverage,d =

(2)

Inhibition efficiency,% 1 = PP x 100 (3)

P1

Where,p; andpare the corrosion rates of the mild steel in 2 M iiank) in the absence and presence of inhibitor
respectively.

2.3 Polarization measurement

The working electrode was immersed in test solutisrB0 minutes until a steady state open circateptial (Ep)
was obtained. The polarization curve was recordedku potentiodynamic polarization conditions andlemair
atmosphere and it was controlled by a personal ctenpAfter the open circuit potential had beeraklished,
dynamic polarization curves were obtained at a satsmof 1 mV/s in the potential range from - 0\2%0 0.25 V.
Corrosion current density .¢i) values were obtained by the Tafel extrapolatioethod. All potentials were
measured against SCE. The percentage inhibitiéciezfty (), was calculated using the equation [17]

(0]

(o)==l 100 4)

corr
Where,i%. andig,, are values of corrosion current density in theeabs and presence of inhibitor respectively.

2.4 Electrochemical impedance spectroscopy measurent

The electrochemical impedance spectroscopy measuitsrwere carried out over a frequency domain fi@nHz
to 100,000 Hz at 303 K using amplitude of 5 mV Rtk to peak with an ac signal at the open cioiéntial
and an air atmosphere. The impedance data weainettusing Nyquist plots and the polarizationstesice R
was obtained from the diameter of the semicircléymuist plot. The polarization resistance,(icludes charge
transfer resistance (R diffuse layer resistance {R the resistance of accumulated species at thalfsmttion
interface (R) and the resistance of the film (in the presentehe inhibitor) at the metal surface {fR The
percentage inhibition efficiencyn) was calculated from the polarization resistanedues obtained from the
impedance measurements according to the relatign [1

R, (inh) - R,

7(%) = R, (inh)

100 (%)

WhereRyim and R, are the charge transfer resistance in the presamteabsence of inhibitor respectively. The
double layer capacitance {{Cwas calculated using the equation

1
Cy=—— 6
@ oF R (6)

max’ ‘\p
Wheref, is the frequency at the maximum in the Nyquist.plo

2.5 Computational details

First principle calculations were carried out gsitensity functional theory (DFT) under the gerieeal gradient
approximation (GGA) with Perdew — Burke - Eruzerii®BF) exchange correlation functional as impleraérin
DmoP module using material studio software packagei®ers.0. The quantum chemical indices considereg:we
the energy of the highest occupied molecular drfiigomo), the energy of the lowest unoccupied moleculaitalr
(ELumo), Energy gap = Bowmo - ELumo, total energy, and Mulliken charges [18, 19].

RESULTS AND DISCUSSION
3.1 Gravimetric study

The weight loss (gravimetric measurements) fomtild steel in 2 M HCI containing different conceations of LM
as function of time at 323 K is presented in Figaire
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Figure 2. Variation of weight loss with time for the corrosion of mild steel in 2 M HCI containing varous concentrations of
concentrations of LM at 323 K

The corrosion inhibition efficiency (% IE), corrosi rate (CR) and surface covera@y 6f LM after 10 hours of
immersion at different temperatures (303 to 333K9 presented in Table 1. It is observed that thmgbition
efficiency increased with increasing concentratiéthe inhibitor. In the absence of any inhibitthe corrosion rate
of mild steel increased steeply with increase mperature. The corrosion rate was much lower inptlesence of
inhibitors than in the absence of any inhibitoaay temperature resulting in the retardation ofréte at which the
metal goes into solution. The plot of weight losssus time at 323 K for the blank and various cotre¢ions of the
inhibitor is shown in figure 2. For the blank (2WCl)the graph is uppermost due to the high corrosate; and the
lower graphs are for various concentrations ofitigbitor indicating inhibition (reduction in cors@mn rate) with
increasing inhibitor concentrations.

TABLE 2: Calculated values of corrosion rate of mitl steel (CR), degree of surface coverag®) and inhibition efficiency (% IE) of LM
at 303 to 333K

303 K 313K 323K 333K
Inhibitor COPC. C.? | C.? | C.? | C.? |
x 10%(M)  gemim o % IE gcmi‘m (S} % IE gcmm o % IE gcmm o % IE
x 10* x10* x 10* x 10*
Blank 8.55 - - 12.75 - - 19.60 - - 29.60 -
5.0 3.90 054 54 5.10 0.60 60 6.50 0.67 67 5.95 0.80 80
2.0 4.40 0.49 49 6.12 0.52 52 8.25 0.58 58 860 10.771
LM 10 4.90 0.43 43 6.75 0.47 47 9.80 0.50 50 11.00 63 0. 63

0.5 5.13 0.40 40 7.14 044 44 10.38 0.47 47 13.05.56 0 56
0.1 5.55 0.35 35 7.77 0.39 39 10.97 044 44 15.10.49 0 49

The adsorption characteristics of the inhibitor (Liere investigated by fitting data obtained foe thegree of
surface coverage in different adsorption isothengsisding Langmuir, Temkin, Freundlich, Florry-Huggi

Frumkin and Bockris-Swinkel adsorption isothermbheTest indicated that the adsorption was bestritbescby

Temkin adsorption model which is expressed as

exp(fd) = K_C (4)

Kagsis the equilibrium constant of the adsorption ss; C is the inhibitor concentratigh,s the surface coverage,
and f is the factor of energetic inhomogeneity.uré3 is a plot of surface coverage against logaritt inhibitor
concentration. The correlation coefficient’(Rvas in the range 0.937 to 0.997 for the inhibitdrich is close to
unity, indicating that the adsorption of the inllos is consistent with Temkin adsorption model.

The parameter f is defined as
f= -2a (5)
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Where, a is molecular interaction parameter. Theutated values of ‘a’ and equilibrium constantloé adsorption
process (Kq49 obtained from Temkin adsorption plots are showtable 5.

Table 3.Temkin parameters for the adsorption of LMon mild steel surface at 303 - 333 K

L -AG 5
Inhibitor T (K) Intercept Slope K (mol/L) f a (kd/mol) R
LM 303 0.301 0.047 604.4 21.777 -10.639 26.25 0.992

313 0.334 0.050 796.3 20.000 -10.000 27.84 0.972
323 0.361 0.057 563.0 17.544 -8.772 27.80 0.937
333 0.407 0.077 197.5 12.987 -6.494 25.75 0.997

exp (-280) = K ,C (6)

The sign between f and a is reverse; that is<if0athen f > 0 and if a > 0, then f < 0. Accordingf f < 0, mutual
repulsion of molecules occurs and if f > 0, atfiactoccurs [20, 21]. From Table 3, the values of @ indicating
that attraction exist in the adsorption layer.

Kags denotes the strength between adsorbate and adsorlege values of ks indicate more efficient adsorption
and better inhibition efficiency. From table 3, wed of Kgs are large which indicate strong interaction betwee
inhibitor and mild steel surface.

AG®
K = ——_exp| —2% 7
ads 555 | RT (7)

Where R is the molar gas constant, T is temperatncke 55.5 is concentration of water in solutionresped in
molar.

AG st

logK,,, = 1.744 - ——ads_
2.303R1

(8)

The standard free energy of adsorptiaG{,q) was calculated from the above equation and pteden table 3.
The negative values of theG°,sreflect the spontaneity of the adsorption proeessstability of the adsorped layer
on the mild steel.
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m313K
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Figure 3: Temkin isotherm for the adsorption of LM on mild steel surface
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3.2 Electrochemical Impedance Study (EIS).

The electrochemical impedance data are depictétiy@sist plot in Figure4. Analysis of the Nyquisbpfigure4)
showed a depressed capacitance loop which arisestfre time constant of the electrical double leged charge
transfer resistance. The deviation of semicirckesnf perfect circular shape is often referred to fiteguency
dispersion of interfacial impedance [22]. This bgbr is usually attributed to the inhomogeneity thé metal
surface arising from surface roughness or intemfgghenomena [23], which is typical for solid me¢ddctrodes
[24]. The polarization resistance, Rvas obtained from the diameter of the semicircleNyquist plot. The
polarization resistance gRincludes charge transfer resistancg)(Rliffuse layer resistance {Rthe resistance of
accumulated species at the metal/solution inter{f&g and the resistance of the film (in the presentéhe
inhibitor) at the metal surface {FFrom the values of polarization resistancg) @d double layer capacitanceyfC
obtained from Nyquist plots and the calculated bitlin efficiency valueif %), it is obvious that the value of, R
increased with increasing concentration of inhibibhe increase inRvalues is attributed to the formation of an
insulating protective film at the metal/solutioniarface. It is also obvious that the value qf d&creased upon the
addition of each of the inhibitors, indicating acdEase in the local dielectric constant and/orremeiase in the
thickness of the electric double layer suggestivag the inhibitors functioned by forming a proteetiayer at the
metal surface. Generally, when a non-ideal frequersponse is present, it is commonly acceptedipl@y the
distributed circuit elements in the equivalent gits. What most widely used is the constant phésment (CPE),
which has a non-integer power dependence on tlipidrey [25, 26]. Thus, the equivalent circuit dégdcin
Figure6 is employed to analyze the impedance speatiere Rs represents the solution resistancdeRites the
charge-transfer resistance, and a CPE insteagarfeacapacitor represents the interfacial capamsitan

As seen from Table 4, theyGralues decrease with the increase of LM conceatratvhich suggests that LM
functions by adsorption on the mild steel surfdtés inferred that the LM molecules gradually raqe the water
molecules by adsorption at the metal/solution fate, which leads to the formation of a protecfilra on the mild
steel surface and thus decreases the extent oflifs®lution reaction [27]. Moreover, the increade LM
concentration leads to the increase gfaRdn% values.

60 7
50 i —&— Blank
] —8— 5 x 10-4 LM
] —m—1x10-5LM
40 7
30

Zre/(Qcmzl

10 20 30 40 50 60
-10
Zimg/(Qsz)
Figure 4: Nyquist plot for the corrosion of mild geel in 2 M HCI solution in the absence and preseaamf L — METHIONE (LM) at 30 °C

TABLE 4: Electrochemical impedance spectroscopy pameters and inhibition efficiency § %) for mild steel in 2M HCI solution in the
presence and absence of LM at 303 K

Concentration Rp (Rct)

Inhibitor M X 10 * Qcn? fmax Cai n%
BLANK 16.89 7.55 1248

LM 0.1 27.8 13.69 530 31.2

1 50 21.84 160 56.9
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FigureS:PotentiodynaMic polarization curve for mild steel in 2 M HCl in the presence and absence ofLMETHIONE (LM) at 30 °C

CPE

Ry

Fig. 6. Equivalent circuit for MS in 2 M HCI solution.

TABLE 5: Electrochemical parameters and inhibition efficiency %) obtained from polarization studies of mild steelin 2M HCI
solution in the presence and absence of LM at 303 K

Inhibitor  Concentration Ecorr Icorr Bc Ba n%
M X104 vm  pAcnf mVdec pAmVded

BLANK 510 1563 157 103

LM 0.1 -479 390 273 212 70.3
1.0 -496 234 116 60 79.9

3.3Potentiodynamic polarization measurements

The anodic and cathodic potentiodynamic curvesrfitld steel in 2M HCI solutions in the absence anespnce of
1 x 10° M and 5 x 1¢ M of the LM at 38C is shown in Figure 5. The nature of the polaiiraturves remained
the same in the absence and presence of the omibiit the curves shifted towards lower currentsity in the
presence of the inhibitor suggesting that the iidvilmolecules retard the corrosion process wittehanging the
mechanism of the corrosion process. The polarizatiorves exhibit cathodic and anodic polarizatiarves with
well defined Tafel regions. The electrochemicalapaeters namely: corrosion potentialk 4, corrosion current
densities @), anodic Tafel slopeph), cathodic Tafel slopeBlf) and percentage inhibition efficiency 06)
determined from the polarization curves are sunwedriin Table 5 with a maximum value for 5 x™ M
concentration of the inhibitors at 303 K as 79.9%.

As observed, the corrosion potential4ff has no definite shift and the corrosion curregnsities (i) decreases
when the concentrations of the inhibitors increiascating that the inhibitors adsorped on the metmface, and
hence the inhibition efficiency increased with E&sing inhibitor concentration causing small chaingg,values
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implying that the inhibitors act as mixed type Mttors affecting both the anodic and cathodic rieast If the
displacement in &, is more than + 85 vM/SCE with respect to the csion potential of the blank, the inhibitor can
be considered as cathodic or anodic type. If thgh in k. is less than 85vM/SCE, the corrosion inhibitor ban
regarded as mixed type [28, 29]. Maximum displacanee 31 vM/SCE which indicates that the inhibitemixed

type.

3.4 Theoretical calculations

The optimized geometry of LM is shown in Figure ndaheir corresponding frontier molecular orbitHOMO
and LUMO) are shown in Figures 8 and 9. The enéggls viz: Eomo, ELumo @ndAE calculated are depicted in
Table 6. The energies of the frontier molecularitatbh Eiomo and Eywo are significant parameters for the
prediction of the reactivity of any chemical spaci€he frontier molecular theory describes thatfthieation of a
transition state is due to an interaction betweaentier molecular orbitals (HOMO and LUMO) of reiact species
[30]. Eqomo is associated with electron-donating ability oé tmhibitor. As such, the inhibition efficiency of
inhibitor is expected to increase with increasiradue of Eomo Since this indicates increasing ease of donating
electrons to the vacant d-orbital of the metai,k, on the other hand, is associated with the ahilitthe molecule
to accept electron, therefore decreasing valués @fo suggest better inhibition efficiency [31]. The emegap of
an inhibitor AE = Eyvwo — Biomo) iS an important stability index and is used twelep theoretical models for
explaining structure and conformation barriers iolenular systems. The smaller the energy gap, étierbis the
expected inhibition efficiency of the compound [32Jccording to the results in Table 4, the highesiue of
Ehomo-4.494eV) and the lowest value aE -1.238eV) were found for L — METHIONE (LM)affirmg that L —
METHIONE (LM) has more potency to be adsorbed am ithild steel. The global hardness is the inversthef
global softnessn(= 1/S). Values of S angl are presented in Table 4. The hard and soft asidsbases principle
requires that a reaction between an acid and aibdagored when global softness difference is mali Also, a
hard molecule has a large energy gap while a solitenle has a low energy gap.

TABLE 6: Quantum Chemical parameters for L — METHIO NE (LM)

Inhibitor LM
Ehomo (eV) -4.494
ELumo (eV) -1.238
AE(eV) 3.711
Absolute electronegativity(eV)  3.094
Global hardness (eV) 1.856
Global softness (eV) 0.539

Figure 7. DFT-B3LYP Optimized Figure & HOMO electronic
Structure of L. - METHIONE (LM) densitv of L — METHIONE (LM) molecule
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Figure 9.LUMO electronic density of L — METHIONE (L M)molecule

CONCLUSION

1.L — Methione (LM)showed good inhibition efficienéyr the corrosion of mild steel in 2M HCI solutions
2.The corrosion inhibition is due to the adsorptidrttee inhibitor on the metal surface by physicatl amemical
adsorption.

3.The potentiodynamic polarization curves showed timatinhibitor is mixed type inhibitor.

4.Computational calculations show that apart from hidlecule adsorbing as cationic species on the siddl
surface, it can also adsorbed as molecular spasirg oxygen, nitrogen and sulphur as its activeres.
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