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ABSTRACT

The inhibition effect of 3-methyl-4-(3-methylisaxda&-yl)isoxazol-5(2H)-one monohydrate (P1) on tloerosion of
carbon steel in 1 M HCI was studied by weight ledsctrochemical impedance spectroscopy (EIS) igoles and
potentiodynamic polarization methods. The resuitsaged that isoxazole P1 was a good inhibitor in HRIl and
inhibition efficiency increases with isoxazole Rdncentration to attain 93% at 10-3M at 308 K. E(¥@lues
obtained from various methods used are reasonabbdggreement. The adsorption of isoxazole P1 abdye
Langmuir adsorption isotherm. Polarization curvédewed that isoxazole P1 acted as a mixed-type itohiin

HCI. The effect of the temperature on the corrosiehavior with addition of 10-3M of the inhibitoraw studied in
the temperature range 313-343 K, and the thermoghyn@arameters were determined and discussed. diitiad,

a quantum chemical study suggests isoxazole Phiiahis structurally essential for the protectiofhmetal surface
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INTRODUCTION

Mild steel is widely used as structural materiakimgineering as well as daily life applicationsyJ1-The study of
corrosion inhibition of mild steel using organichihitors mainly in acidic media is one of the masiportant
subjects of current research in different industf&10].

The role of inhibitors added in low concentratiemgorrosive media is to decrease the dissolutidh@metal with
corrosive medium and is to inhibit the adsorptiorc@ordination onto the metal surfaces [11, 12Jouin laboratory,
many studies have been published on the use ofatgitoducts as corrosion inhibitors in acidic neefli3-15],
Most of the effective organic inhibitors used camthetero-atoms such as O, N, S and multiple bandbeir
molecules through which they are adsorbed on thalrearface [16—18]. In general, the adsorptiomminhibitor
on a metal surface depends on the nature and tfecewharge of the metal, the adsorption modeghiemical
structure and the type of electrolyte solution [X9Ver the years, Isoxazole derivatives receivedhmaitention and
found wide application in medicinal chemistry [2@kenerally, Isoxazole derivatives have found wideagd
application as fungicide and bactericide [21], mtiobial agent in pharmaceuticals and cosmeticg].[2
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Subsequently performed EIS identified this compoaachew corrosion inhibitor for mild steel in 1 MCHwith
remarkably improved potency. Furthermore, gravimmemeasurement, polarization, thermodynamic and DFT
guantum chemical calculations were used to invattign more detail the inhibitive characteristiccompound (P1)
Scheme 1.

Scheme 1: 3-methyl-4-(3-methylisoxazol-5-yl)isoxaz6(2H)-one monohydrate (P1). [23]
MATERIALS AND METHODS

2.1. Materials:

The mild steel strips having a composition (wt.%P®9%P, 0.01 % Al, 0.38 % Si, 0.05 % Mn, 0.21 ¥0M5 %

S and Fe balance were mechanically cut into 1.5xx10.05 cr dimensions for the electrochemical experiments.
The surface of the specimens was abraded with emapgr grade 600 and 1200, which was then washed in
deionized water, degreased ultrasonically in ethand acetone. The acid solutions (1.0 M HCI) warepared by
dilution of analytical reagent-grade 98 % H2SO4hwitouble-distilled water. The range of concentratif
isoxazole P1 was 10M to 10° M.

2.2. Synthesis of inhibitors

A solution of 3-Acetyl-4-hy-droxy-6-methyl-2H-pyra2rone (1 g, 6 mmol) and an excess of hydroxyl-antiydro-

chloride (1.25g, 18 mmol) in ethanol (30 mL) wasrst at room temperature for 24 hours. Completibrihe

reaction was confirmed by TLC. At the end of thaatén, the solution was concentrated and the sadisl obtained
by adding di-chloro-methane (GEl,). The solid product was purified by recrystallinat from ethanol to afford
colourless crystals in 80% yield. Scheme 2.

o o

CHjs NH,OH, HCI
S

EtOH

H,C OH
Scheme 2: Characterization of 3-methyl-4-(3-methysioxazol-5-yl)isoxazol-5(2H)-one monohydrate (P1)
The analytical and spectroscopic data are confayiarihe structure of compound formed.

(P1):Yield = 80%; Spectre de RMN (DMSO-d6)8 ppm : 2.14 (s, 3H, CH3); 2.25 (s, 3H, CH3); &21H, CH);
6.14 (s, 1H, NH); Spectre RMRC (DMSO-d6)s ppm : 13.1 (CH3); 13.3 (CH3) ; 105.75 (CH), 1@8(Eq);
153.20 (Cq); 153.87 (Cq); 155.88 (Cq); 168.82Q¢~=

2.3. Measurements

2.3.1. Weight loss measurements

Gravimetric measurements are carried out in a dowdlled glass cell equipped with a thermostateoling
condenser. The solution volume is 100°cithe immersion time for the weight loss is 6 K{38+1) K. Triplicate
experiments were performed in each case and tha wadae of the weight loss was calculated.

2.3.2. Electrochemical measurements

The electrochemical study was carried out usingotemiostat PGZ100 piloted by Voltamaster soft-warhis
potentiostat is connected to a cell with threetetele thermostats with double wall. A saturates el electrode
(SCE) and platinum electrode were used as referandeauxiliary electrodes, respectively. Anodic aathodic
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potentiodynamic polarization curves were plotted ablarization scan rate of 0.5mV/s. Before afleiments, the
potential was stabilized at free potential durifign3in. The polarisation curves are obtained froraG-81v to —200
mV at 308 K. The solution test is there after deatesl by bubbling nitrogen. The electrochemical eédgnce
spectroscopy (EIS) measurements are carried out thié electrochemical system, which included ataligi
potentiostat model Voltalab PGZ100 computer at Eefter immersion in solution without bubbling. Aftthe
determination of steady-state current at a corrogiotential, sine wave voltage (10 mV) peak to peak
frequencies between 100 kHz and 10 mHz are supesatpon the rest potential. Computer programs aatioatly
controlled the measurements performed at rest paterafter 0.5 hour of exposure at 308 K. The idgree
diagrams are given in the Nyquist representatiopeEiments are repeated three times to ensurefreducibility.

2.3.3. Quantum chemical study
The quantum chemical calculations were performedaanintel ® core ™ i3 CPU (2,4 GHz, 4Go RAM)
workstation.

Complete geometry optimizations of the undertakemeshyl-4-(3methylisoxazol-5-yl)isoxazole-5(2H)-orees
corrosion inhibitors were performed by using thedity functional theory (DFT) [24], using the hydbrfunctional
B3LYP taking into account exchange and correlatidth Beck'’s three parameters exchange functior@agwith
Lee-Yang-Parr [25]. Calculation at this level oketiny DFT/B3LYP were done by using 6-31G(d,p) basis
implemented in Gaussian 09 package [26].

Theoretical studies were used to extend the grdvitnand electrochemical study on the corrosionitiitbrs

looking for good theoretical parameters to char@etheir inhibition performance. Therefore, somelecular

descriptors describing the global reactivity sush By, Eqomo, ELumo, M, €lectron affinity (A), the ionization
potential (1), the electronegativity)( the fraction of electron transferretiN).

RESULTS AND DISCUSSION

3.1. Weight loss measurements
The corrosion rate (W) of mild steel coupons in 1 M HCI solution at éifént concentrations &1 was calculated
using the following equation:

Where m is the weight loss of mild steel, S thaltatea of one mild steel, and t is immersion tinidwe obtained
values of the gravimetric corrosion rates g and the inhibition efficiency (B are represented in Table 1. The
inhibition efficiency E,% corrosion in the case of this method was caledlfitom the following equation:

_ __ Wreopg
E(%) = (1 o ) .100 )

Where Wcorr and W'corr are the corrosion rates id steel due to the dissolution in 1 M HCI in uhibited and
inhibited solutions, respectively. The results otgd from gravimetric measurements show for inbibiested that
the corrosion rate values decrease when the caatientof isoxazole P1 increases. The analysiSaifle 1 show
that protection efficiency degree of surface cogerancreased with increasing concentration of ibibstudied.
This showed that isoxazole P1 in solution inhibitlee corrosion of mild steel in 1 M HCI. The bestian of this
inhibitor is attained in the presence of*M of isoxazole P1.

Table 1. Corrosion parameters obtained from weightoss measurements for mild steel in 1 M HCI containg various concentrations of
3-methyl-4-(3-methylisoxazol-5-yl)isoxazol-5(2H)-o&monohydrate (P1) at 308 K

Inhibitor Concentration (M) (mgv.\izcn(i’rzr. h) (E/\:)' 0
Blank 0.91 -- --
10° 0.06 93 | 0.93
isoxazole P1 10* 0.09 90 | 0.90
10° 0.155 84 | 0.84
10° 0.26 71| 071

From the results, it was obvious that mild steetatded in HCI solution. This is expressed in teohws/eight loss of
mild steel. Upon addition of inhibitor isoxazole,Rtlwas observed that the weight loss decreasdleasorrosion
rate and degree of surface coverai)e ldlowever, the weight loss decreased more asdheentration of inhibitor
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increased.

3.2. Effect of temperature.

To assess the influence of temperature on corroaf@h corrosion inhibition processes, gravimetristdewere
carried out at various temperatures (313—-343Kphénabsence and presence ofMICof isoxazole P1, as shown in
Table 2.

Table 2. Inhibition efficiency and corrosion ratesin the absence and presence of 2 of isoxazole P1 at different temperatures afte60
min immersion

Temperature Wcorr (mg.cm™.h?) 0 Ew
(K) 1M HCI | 1M HCI + isoxazole P1 (%)
313 1.51 0.21 0.87 86
323 3.21 0.72 0.71 77|
333 6.53 2.03 0.68 68
343 10.12 4.20 0.58 58

Corresponding gravimetric data are given in TahleA2 seen from Table 2, the corrosion rates in@®asith
increasing temperature, in both uninhibited andhitdd solutions. Inhibition efficiency for isoxaeoP1 decreases
with increase in temperature and a slight changdkeare values are observed in the range of termyeratudied.
From this result, it can be concluded that the &afi corrosion current density increases in theeats and the
presence of inhibitor. After addition of the testetiibitor in corrosive medium, the dissolution wild steel is
extensively retarded.

To calculate the activation parameters of the @woroprocess, Arrhenius equation. (3) was used. [27
3

where K is the corrosion rate constant, E is thieaton energy, T is the absolute temperature Riisl the universal
gas constant.

Weorr= K.exp(-Eo/RT)
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Figure 1. Arrhenius plots of mild steel in 1M HCI vith and without 10°M of isoxazole P1

Figure 1 shows Arrhenius plots of the logarithiritedf corrosion rates vs 1/T for mild steel in therasive medium
with and without addition of TOM of isoxazole P1. Straight lines are obtainechwitslope of (-§R).

The value of Ea can be obtained from the slopehefstraight line which was found to B&.3%J .mol* and
89.65%J mol* in the absence and presence ofNIOof isoxazole P1, respectively. The higher valdieEa in the
presence of isoxazole P1 than its absence indieasti®ng inhibitive action of the isoxazole Plibgreasing the
energy barrier for the corrosion process [28-2%d Ahe higher Ea value in the inhibited solution ba correlated
with the increased thickness of the double layer.

3.4. Adsorption isotherm

The mechanism of the interaction between inhibénd the electrode surface can be explained usiagrjaiibn

isotherms. Several adsorption isotherms were temteldthe Langmuir adsorption isotherm was foungrtuvide

best description of the adsorption behavior of ithesstigated inhibitor. The Langmuir isotherm isséd on the
assumption that all adsorption sites are equivaedtthat particle binding occurs independentlynfroearby sites,
whether occupied or not. The degree of surfaceregeef) for different concentrations of inhibitor in 1 MICI has
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been evaluated from weight loss measurements. TheCp,/0 against G, yields a straight line (Figure. 2), with
correlation coefficient (B values of 0.9999 for this inhibitor, at 308 K.iSlindicates that the adsorption of this
inhibitor can be fitted to the Langmuir adsorptisotherm, represented by the equation [30]:

C 1
— = —+cC (4)
1] k
With
AGg, 5
K= Lexp(— ‘ 5)
55.55 RT

WhereC is the concentration of inhibitoK is the adsorptive equilibrium constafis the surface coverage and the
standard adsorption free energyGgq9.
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Figure 2. Langmuir adsorption of isoxazole P1 on ta mild steel surface in 1 M HCI solution

The negative value afG,ysensure the spontaneity of the adsorption procedsstability of the adsorbed layer on
the metal surface. It is generally accepted thlatyélues ofAG,4s up to -20 kd/mol, the type of adsorption can be
regarded as physisorption, in which case inhibitiesults from the electrostatic interactions betw#ee charged
molecules of the inhibitors and the charged metallirface. In contrast, for values above -40 kJ/thel adsorption

is regarded as chemisorptions, which is due togehaharing or transfer from the inhibitor moleculeshe metal
surface to form a covalent bond [31]. The valueA@,4s in our measurement suggest that the adsorption of
isoxazole P1 involves chemisorption.

Table 3. Thermodynamic parameters for the adsorptia of isoxazole P1 in 1 M HCI on the mild steel attB K

Kads Rz AGads
MY (k3/mol)
isoxazole P1] 1.07] 595869.43 0.99p9 -44.381

Inhibitor Slope

3.5. EIS studies

Nyquist plots for mild steel in 1 M HCI in the almee and presence of isoxazole P1 at various cartems are
shown in Figure 3. It was evident from these ptbts the impedance response of mild steel in HEIdignificantly

altered after the addition of isoxazole P1 intotés solution. The plots were similar for differe&oncentrations of
isoxazole P1. Semicircles are obtained which caitréal axis at higher and lower frequencies. Ahaigrequency
end, the intercept corresponds tpaRd at lower frequency end the intercept corredpdno R + R. The difference
between these two values gives R

Inhibition efficiency (%) is estimated using the equation 6, whegg &d R, are the charge transfer resistance
values in the absence and presence of inhibitepectively:
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Figure 3. Nyquist plots for mild steel in 1 M HCI ontaining different concentrations of isoxazole P1

The results show that;Ralues increased with increase of inhibitor com@dion. The electrochemical impedance
parameters derived from the Nyquist plots and tihébitors efficiencies kg (%) are shown in Table 4.

Table 4. AC impedance data of mild steel in 1.0 M 8l acid solution containing different concentratiors of isoxazole P1 at 308K

Inhibitor Concentration (M) (Q.I?::nZ) (p(f:/((j:IrT?) (E/z;
HCI 1M 1M 14.7 200 --

10° 181 70 92

isoxazole P1 10: 137 58 89
10° 91 71 83

10° 45 87 67

The results obtained from (EIS) method can be jméted in terms of the equivalent circuit of theottical double
layer shown in Figure &hich has been used previously to model the miel&icid interface [32]. The Nyquist
plots were similar for different concentrations isbxazole P1. The semicircle in all cases corredpain a
capacitive loop. The semicircle radii depend on itifebitor concentration. The diameter of the caipae loop
increased with increase of inhibitor concentration.

From the Table 4, it was clear that charge transfsistance values were increased and the capeeitalues
decreased with increasing inhibitor concentratidacrease in the capacitance, which can result frafacrease in

local dielectric constant and/or an increase intkfiekness of the electrical double layer, sugg#sis the inhibitor
molecules act by adsorption at the metal/solutimerface [33]. This indicated the formation of aface film on the

mild steel.

LA

Figure 4. Equivalent circuit used to fit the EIS dada of mild steel in 1M HCI at different concentrations of isoxazole P1

3.6. Polarization Measurements
Polarization curves for mild steel in 1M HCI in tabsence and presence of isoxazole P1 at diffemementrations
at 308K are presented in Figure 5. The extrapalatibTafel straight line allows the calculation tbe corrosion
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current density (b,). The values of ., the corrosion potential (&), cathodic Tafel slope$¢), and inhibition
efficiency (B %) are given in Table 5. The inhibition efficienisycalculated using the following equation:

I -1 ;
EP% _ ‘eorrlo] " corrlinhd X 100 @
Leorrio

where Loryand Lo are current density in absence and presencexaiste P1, respectively.
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Figure. 5. Potentiodynamic polarization curves of ritdd steel in 1M HCI in the presence of different cocentrations of isoxazole P1

The values of Icorr decreased in the presencehibitor indicating that component of isoxazole Ris@b on the
mild steel surface. The isoxazole P1 acted bothhencathodic and anodic branches. This result &di that
inhibitor acts as a mixed-type inhibitorE varies slightly in the inhibited and uninhibitedition; indicate that
adsorption occurs by geometric blockage [34]. Ve aémark that the cathodic current—potential caigige rise to
Tafel lines, which indicate that hydrogen evolutieaction is activation controlled. The valuesha bc show slight
changes with the addition of isoxazole P1. Thisiltesieans that the mechanism at the electrodeiogsaist not
affected [35].

Table 5. Electrochemical parameters of mild steehi1lM HCI solution without and with isoxazole P1 adifferent concentrations

- Concentration Ecorr Icorr E
Inhibitors M) (MVISCE) | (nAcm?) Bc (o/:)
HCI 1M -459 1386 -294] --
10° -433 97 -91 93
isoxazole P1 10" -433 123 -212] 91
10° -455 401 -220 71
10° -457 566 -181] 59

Figure 6: the optimized geometrical of 3-methyl-4&methylisoxazol-5-yl)isoxazole-5(2H)-one (P1) calieted at B3LYP/6-31G(d,p)
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3.7. Quantum chemical calculations

The geometry of the molecule under investigatioteitermined by optimizing all structural paramettrB3LYP/6-
31G(d,p) level of theory. The geometry is presembefigure 6, the bond length and bond angle amwvshin table
6.

Table (6): selected bond length and dihedrals angegiving for 3-methyl-4-(3methylisoxazol-5-yl)isoxaole-5(2H)-one (P1) calculated at
B3LYP/6-31G(d,p) level theory

Length bond Value (A°)
Ci—GC; 1,42
C1—Cs 1,37
Cr—N;s 1,31
Cs—O4 1,35
O;—N3 1,39
Ci—Ng 1,38
Ng—Og 1,40
Cr—0Ox; 1,20
Cs—Cs 1,44

Angle band Value (d°)
C,CiCs 104,20
CoN304 105,97
Cs04N3 109,28
C1CsCq 133,27
C10NgOg 108,52
0sC;01; 120,28
C6C7Og 105,84
CsC:O12 133,87

Dihedrals angles| Value (d°)
N304CsCs 179,48
CsCeC;0s -179,99
NgC10C6Cs 175,13
01,C;CeCic -179,24

The analysis of the theoretical results obtainegl,can say that the molecule have a planar structime G—Ns;
single bond lengths (1,9 indicating the existence of a double bond. Moepthe G—Njy single bond lengths

(1,38..@) are shorter than typical carbon nitrogen singledvindicating of strong electron delocalization in the ring
who have C==0.

Global molecular reactivity

The global molecular reactivity can be studied adit to Fukui’'s theory of frontier molecular orliin terms of
interaction between the frontier orbital, namelg tHOMO and the LUMO [36]. The calculated energiéshe
frontier orbital presented in table 7:

Table 7: theoretical descriptors of the studied intbitors calculated at B3LYP/6-31G(d,p)

Molecule E (eV) | Ewomo(eV) | Eumo(eV) | AE(eV) | u(D)
isoxazole P1| -644,7¢ -6,26 1,16 7,42 8

B7

Energy HOMO describe the electron donating abitifythe molecule, conversely, energy LUMO describe t
electron accepting ability of the molecule. The gaprgy defined byAE= E ymo — Byomo), indeed, large value of
the gap AE=7,42) imply high electronic stability and themvloeactivity.

The dipole moment p explain the information on pwarity of the whole molecule. High dipole momest
reflected in important molecular polarity which pebly gives rise to high chemical reactivity. Irr @ase, we have
a dipole moment value (u=8,37) which implies thetré leading to stranger adsorption on to the stéel surface.

According to Lukovits et al [37] study, the fraatioof electron transferred is giving by the expressi
_ x(Fe)— x(inhib)
~ 2[n(Fe)+n(inhib)]
__X(Fe)— x(inhip _
~ 2[n(Fe)+n(inhib)]

If AN<3,6 which indicates the tendency of a moleculddpnate electrons to the mild steel surface.
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CONCLUSION

From the principal result of the present work we canclude that:
» The 3-methyl-4-(3-methylisoxazol-5-yl)isoxazol-5(bhe monohydrateP(l) was found to perform in 1 M
HCI.
» Polarization study showed that the compound undegstigation was mixed type inhibitor.
> The inhibition efficiency of the isoxazole Ricreased with the concentration and read® at 10°M.
» The weight loss, polarization curves and electratbal impedance spectroscopy were in good agreement
» The inhibition efficiency decreased with increasiegnperature and their addition led to an increafséhe
activation corrosion energy.
» Adsorption of the inhibitor on the mild steel swdarom 1 M HCI followed the Langmuir isotherm.
» The quantum mechanical approach may well be abler&tell molecule structures that are better forasion
inhibition.
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