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ABSTRACT

The inhibition effect of Sulfamethoxypyridazine($M&ainst mild steel corrosion in 2.0 M H3PO4 waslaated
using weight loss and electrochemical techniqueseftiodynamic polarization and electrochemical @dance).
The experimental results showed that SMP is a gooabsion inhibitor and the inhibition efficiencypdreased with
the increase of SMP concentration, while the adsomnpfollowed the Langmuir isotherm. Theoreticalocdation

was carried out to establish mechanism of corrosidribition for mild steel with SMP in 2.0 M H3P®dedium.
The inhibition action of the compound was assureatctur via adsorption on the steel surface throtlghactive
centers in the molecule. The corrosion inhibitisrue to the formation of a chemisorbed film onstieel surface.
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INTRODUCTION

Mild steel as one kind of engineering structuraterials, is employed in tonnages in offshore engiimg, chemical
processing, petroleum production and refining pis, mining and construction, etc. It has good haatal,
physical, and chemical properties, such as plastigghness, welding, stamping and cutting perfoxaaetc[1]—
[7]. Phosphoric acid prepared by dihydrate and hgdrate wet processes generate severe corrositneprs in
containers. In order to prevent corrosion, the prinstrategy adopted is to isolate the metal fromosive medium.
Amongst the various methods available, the usenlaibitors is one of the most practical methods footection
against corrosion[8]—[10].

The use of organic compounds containing oxygemhsuland nitrogen to reduce corrosion attack oel $tas been
studied in some details. These compounds get agldaybto the surface of metal from the bulk of emwvinent
forming a film at the metal surface. The efficienofy organic inhibitors depends on their structwepecially
chemical/electronic structure[8]-[12]. Those stauat parameters can be obtained from quantum clamiethods,
which have been extensively used to study reactiechanism. Several groups[13]-[17] have studiedrnthibition
mechanism of some organic molecules by quantum iciaéralculations, has successfully been estaldish@robe
the relationship between the quantum chemical patens of inhibitor molecule and inhibition efficign
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In this paper, the corrosion inhibition performarmafeSulfamethoxypyridazine(SMP) for mild steel ihgsphoric
acid solutions was investigated by weight loss alettrochemical techniques. Density Functional Th€DFT)
calculations were performed to study the electratiacture and the adsorption of SMP onto mildIstéigure 1
shows the molecular structure of the SMP utilizethis investigation:

HoN o (|s)| H //N_N\ o/CH3
N\ /7 _

0]

Sulfamethoxypyridazine

Figure 1. Molecular structure of studied compound
MATERIALS AND METHODS

Materials

The steel used in this study is a carbon steelofftarm: C35E carbon steel and US specification: S885) with a
chemical composition (in wt%) of 0.370 % C, 0.2305%0.680 % Mn, 0.016 % S, 0.077 % Cr, 0.011 %0059
% Ni, 0.009 % Co, 0.160 % Cu and the remainder {Fa). The carbon steel samples were pre-treaied tprthe
experiments by grinding with emery paper SiC (1800 and 1200); rinsed with distilled water, degeeham
acetone in an ultrasonic bath immersion for 5 navashed again with bidistilled water and then dr&édoom
temperature before use.

Solutions
The aggressive solutions of 2.0 MR, was prepared by dilution of analytical grade 37@ With distilled water.

The concentration range of Sulfamethoxypyridaziseduva$ x10*M to 1 x10°M.

Corrosion tests

The gravimetric measurements were carried outfatitietime interval of 6 h using an analytical &iate (precision
+ 0.1 mg), The surface of the test electrode washaugically abraded by different grades of emeryepamith 220
up to 1500, washed with distilled water, cleanethwicetone after being weighed accurately with lsghsitivity
balance, the specimens were carried out in a doglbkes cell equipped with a thermostated coolingdemiser
containing 80 mL of non-de-aerated test solutiothveind without various concentrations of the stddsMP at
303K. After immersion period, the specimens weikeaout, rinsed thoroughly with bidistilled watelrjed and
weighed accurately again. Five tests were performedach case and the mean value of the weight i@ss
calculated.

The electrochemical measurements were carried g Volta lab (Tacussel- Radiometer PGZ 100) paistate
and controlled by Tacussel corrosion analysis soi#wmodel (Volta master 4) at under static conditibhe
corrosion cell used had three electrodes. The erfer electrode was a saturated calomel electro@G&)(SA
platinum electrode was used as auxiliary electafdrirface area of 1 driThe working electrode was carbon steel.
All potentials given in this study were referredtlis reference electrode. The working electrods imamersed in
test solution for 30 minutes to a establish stestdje open circuit potential {&). After measuring the Jg, the
electrochemical measurements were performed. Adtedchemical tests have been performed in aesatiedions
at 298 K. The EIS experiments were conducted irfrdguency range with high limit of 100 kHz andfdient low
limit 100 mHz at open circuit potential, with 10 ipts per decade, at the rest potential, after 30 afiacid
immersion, by applying 10 mV ac voltage peak-tokp@dyquist plots were made from these experimerte. best
semicircle can be fit through the data points i Kyquist plot using a non-linear least squarsditas to give the
intersections with the x-axis.

The electrochemical behaviour of carbon steel sanmpinhibited and uninhibited solution was studigdrecording
anodic and cathodic potentiodynamic polarizatiomves. Measurements were performed in the 2.0 }*Cy4
solution containing different concentrations of theted inhibitor by changing the electrode pottratutomatically
from - 800 to -200 mV versus corrosion potentighacan rate of 2 mVsThe linear Tafel segments of anodic and
cathodic curves were extrapolated to corrosionmii@eto obtain corrosion current densities, ).
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Computational procedures

Complete geometrical optimizations of the invesdgamolecules are performed using DFT (density tfional
theory) with the Beck’s three parameter exchangetfanal along with the Lee-Yang-Parr nonlocal etation
functional (B3LYP)[18]-[20] with 6-31G(d) basis sistimplemented in Gaussian 03 program package[iis
approach is shown to yield favorable geometriesafaride variety of systems. This basis set givesdggeometry
optimizations. The geometry structure was optimizedler no constraint. The following quantum chetnica
parameters were calculated from the obtained opgichstructure: The highest occupied molecular airifiomo)
and the lowest unoccupied molecular orbifalyfo), the energy differencelE) betweerE, oo andE, yvo, dipole
moment (W), electron affinity @&, ionization potentiall] and the fraction of electrons transferrady.

lonization potentiall) and electron affinityX) are related[22]in turn toswo and Eyvo as follows:
I = -Evomo
A =-Elumo

The absolute electronegativifyand the absolute hardnepare related[23] in turn to IE and EA as follows:

x =14 @
2
p =122 2)
2
The global electrophilicity index was introduced Bgrr[24] and is given by:
2
w= X< (3

27

The number of transferred electrondN] was also calculated depending on the quantummiciad method[25], [26]
by using the equation;

— /YFe _Xinh
AN = —ZFe Al _ (4)
2(’7Fe +’7inh)

Where yre and yinn denote the absolute electronegativity of iron amubitor moleculenge and n,, denote the
absolute hardness of iron and the inhibitor moleaekpectively. In this study, we use the theaaktialue ofyee
=7.0 eV andhe = 0, for calculating the number of electron transfd.

RESULTS AND DISCUSSION

Polarization results

Fig. 2 shows the potentiodynamic polarization carf@ mild steel in 2.0 M kPO, solutions in the absence and
presence of different concentrations of SMP. Etmttemical parameters such as corrosion potentg),)(
corrosion current density.,), cathodic Tafel slopebf) acquired from extrapolation of polarization cusyas well
as the inhibition efficiencyn%o) of SMP are given in Table 1. The inhibition eifiacy was calculated using the
following equation:

Nppp(%) = 2Ty 100 (5)

ICOTT

Where Lo and Lo g are the corrosion current densities for mild stettrode in the uninhibited and inhibited
solutions, respectively.
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Figure 2. Potentiodynamic polarization curves of cdon steel in 2.0 M HPO, in the presence of different concentrations of SMP

Tablel. Electrochemical parameters of carbon steelt various concentrations of SMP in 2.0 M BPO, and corresponding inhibition

efficiency

Inhibitor Concentratio Ecrvs. SCE 3, lcorr NTael
(M) (mV)  (mVdec) (MAcCM?) (%)

Blank 2.0 -488 135 2718 0
5x10% -545 148 174 93.6
®10* -447 147 364  86.6
SMP 5x10° -548 149 832  69.4
1x10° -551 149 1118 58.8

From Fig. 2, obviously, both anodic and cathodiactins of corrosion process of mild steel elearadere
inhibited after adding SMP into the acidic solutidihe presence of SMP in the acidic solution resuta slight
shift of corrosion potential towards more negafiveomparison to that in its absence, and the gatdecorrosion
potential nearly remain constant with the additafndifferent concentration of SMP. These resultdidate that
SMP acts as a mixed-type inhibitor with predomineaithodic effectiveness[27]. The parallel cathotidel lines
and the almost constant cathodic Tafel slopes leTa suggest that the cathodic process, the hgdregolution
reaction, is activation-controlled and the additmmSMP does not modify the mechanism of this psef28]. It
follows from the date of Table 1 that the corroseumrent,ic,,, decreases, whille (%) enhances with increase in
inhibitor concentration. The decrease in the céorosurrent density was observed for the SMP, spwading to a
maximum efficiency of 93. 6% at 5 x 1OM.

Electrochemical impedance spectroscopy measurements

The corrosion behavior of mild steel in 2.0 MR, without and with various concentrations of SMB@8 K was
investigated using EIS. Nyquist plots are showtrign 3. These diagrams merely present a capadiiwe in the
first quadrant, indicating that there is only omad constant. As shown in Fig. 3, the capacitiv@pkare slightly
depressed as semi-circular shapes because of tighness and other in homogeneities of mild stediacai
resulting in a phenomenon called “dispersing effge{, [30]. It is apparent that the impedance @se of mild
steel has significantly changed after the additddrour molecule. The diameters of those loops meeewith
increasing concentrations of studied compound.
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Figure 3. Nyquist diagrams of carbon steel with dferent concentrations of SMP at 298K

The impedance data are analyzed based on theoeleeinical equivalent circuit shown in Fig.RL.represents the
electrolyte resistanc® is the charge transfer resistance, CPE represenstant phase element to replace a double
layer capacitanceCy) for more accurate fit. The impedance of a conspirase element is described by the
expression[31]:

- 1 6
“ops = Qharn ©

Where Q is the CPE constant (it S cm®), o is the angular frequency (in rad)sj2 = -1 is the imaginary number
and n is a CPE exponent which can be used as & daughe heterogeneity or roughness of the surfabte
impedance parameters derived from these plots iaen gn Table 2. The double layer capacitan€g)(and
inhibition efficiency ¢) are defined as follows[32]:

Cﬂl: — [Q- Rctl—n)lf?‘i (7)

(8)

R~ R®
Ngs (%) = ( ﬂRﬂ ﬂ) X 100

where R% and R; are the charge transfer resistances without artl warious concentrations of inhibitors
respectively.

Rs CPE
WA »
Ret

Figure 4. Equivalent electrical circuit corresponding to the corrosion process on the carbon steel lydrochloric acid
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Table2. Electrochemical Impedance parameters for eeosion of carbon steel in acid medium at various entents of SMP

Inhibitor ~ Concentration Rt Yox10° n Cal Neis
(M) (Qcmd)  (snQlcm?) (nFlcm®) (%)
Blank 2.0 14 21.024 0.88 9496 0O
5x10* 165.3 2.1629 0.91 12.39 915
SMP 1x10% 71.1 2.6789 0.91 14.42 80.3
5x10° 46.7 4.4834 0.90 22.59 70.0
1x10° 34.9 6.0218 0.88 25.98 59.9

By increasing the inhibitor concentration tRg values increase b@y values decrease. The double layer between
the charged metal surface and the solution is densil as an electrical capacitor. The decreadeei@ f value is
due to the adsorption of the inhibitors on the Isteeface, which displace the water molecule arfterst ions
originally adsorbed on the surface. The adsorpiotihe inhibitor on mild steel surface can occuhei directly on

the basis of donor—acceptor interaction betweem #lectrons (of the double bonds, sulphur, Nitroged Oxygen)
and the vacant d-orbitals of steel surface aton}s[33]. The inhibition efficiencies calculated froat impedance
results show the same trend as those obtainedfadanization curves measurements.

Weight loss tests
The inhibition efficiency £%) and corrosion rateOR) with different concentrations of SMP for mild stén 2.0 M

H3PO4 solution at 303 K were summarized in Tabl&l& inhibition efficiency was calculated from tfelowing
equation:

Cr — Cpr.
7,,(06) = ———um CR‘““’:' X 100 )
R

Where G and Gy represent the corrosion rates in the absence resdmce oSMP.

Table3. Effect of SMP concentration on corrosion da of carbon steel in 2.0 M HPO,

Inhibitor  Conc. (M) A (mgcmi®h?) n, (%) (0)

Blank 2.0 1.972 -
5x10* 0.1933 90.2 0.902

SMP 1x10* 0.3293 83.3 0.833
5x10° 0.5246 73.4 0.734
1x10° 0.7671 61.1 0.611

It is very clear from Table 3 that the corrosioteraf mild steel decreases sharply and the inbibigfficiency
increases when the concentration of SMP increadagzimum inhibition efficiency is attained in thegsence of
5.10* M SMP. These results indicate that SMP is an éaetorrosion inhibitor for mild steel in hydroahic acid.

Effect of temperature

The effect of temperature on the inhibitive perfarmoe of SMP for MS in 2.0 M RO, was studied by
electrochemical measurements at 5.0 concentration of SMP. It is apparent from TaBtaat the inhibition

efficiency decreases with increase in temperatana 298 to 328 K. The inhibition efficiency decreaswith rise in

temperature from 93.6% to 79.3%. It can be condutieat the extent of adsorption decreases with irise
temperature whereas the extent of desorption isesa
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Figure 5. Potentiodynamic polarisation curves of adon steel in 2M HPO, at different temperatures
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Figure 6. Potentiodynamic polarisation curves of adon steel in 2M HPO, in the presence of 5.10M of SMP at different temperatures

Table4. Various corrosion parameters for carbon stel in 2M H3PO, in absence and presence of optimum concentratiori SMP at
different temperatures

Inhibitor ~ Temperature Ecorr VS. B icorr Nafel
K SCE(mMV) (mVdec) (MAcm?) (%)
298 -488 135 2718 -
308 -532 137 4220 -
Blank 318 -523 132 6610 -
328 -514 139 11890 -
298 -545 148 174 93.6
5x10*M 308 -553 168 406 90.4
SMP 318 -557 161 806 87.8
328 -555 154 2459 79.3

Some information on the mechanism of the inhib@ction can be obtained by comparing apparent didiva
energy (Ea), obtained in the presence of inhibitith that in its absence. The values of Ea wereutated using

Arrhenius equation[36]
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lcorr =k €xp (%) (10)
Wherei,,,. is the current density rate, R the gas constatiieTabsolute temperature, A the pre-exponentiabfa
The plots of Ln {,,) versus 1/T without and with inhibitor gave sttatigines (Fig. 7). The values of Ea
calculatedfrom the slopes of the straight linesraoerded in Table 5. Higher value of activatioergy in presence
of SMP can be attributed to an appreciable decrieetbee adsorption of the inhibitor on the mildedteurface with
increase in temperature [37]. It is further notedttthe observed value of Ea in presence of thibitoh at each
concentration is greater than that in its absefibe. value of standard enthalpy of activati@H,) and standard
entropy of activationAS,,) for the dissolution of MS were calculated usihg following equation [38]:

. RT AS? AH? (11)

Where, h is the Planck's constant, N is the Avogiadnumber, R is the molar gas constant and Teisabsolute
temperature.

Straight lines were obtained with a slope and #eréept (Fig. 8) from which the values sifla andASa and were
calculated and listed in Table 5. The positive sigmHa reflect the endothermic nature of the steeladiig®n
process in HCI solution and means that the diseolwf steel is difficult and the decreaseAiBia in the presence of
SMP implies a decrease in disordering takes placeoimggrom reactants to the activated complex [39].
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Figure 7. Arrhenius plots of carbon steel in 2.0 MH;PO,with and without 5.10* M of SMP
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Figure 8. Arrhenius plots of carbon steel in 2.0 MHsPO,with and without 5.10% M of SMP

Table5. The values of activation parameter&,, A4H, and 4S, for carbon steel in 2.0 M HPO, in the absence and presence of 5:10 of
SMP

Concentration Ea AH, AS, Ea-AHa
(M) (kI mol™) (kI mol™) (I mol*K?) (kJ mol?)
Blank 39.50 36.91 -112.98 2.59

5x10°M SMP ~ 69.96 67.36 -91.34 2.60

Adsorption considerations

In order to clarify the nature and the strengtlihef adsorption of SMP on mild steel, the experimlergsults were
fitted to a series of adsorption isotherms, andrfkin. The best description of the adsorption bedrast SMP is
explained by Langmuir adsorption isotherm, whichiien by Eq. (12) [40].

(.' Kk.{ s

C_.1 ¢ (12)

Where, C is the concentration of the inhibitoggdds the equilibrium constant of adsorption ghds the surface
coverage. The Langmuir approach is based on a mlafekinetic model of the adsorption—desorptiongess. On
the other hand, the adsorption equilibrium constiégy) is related to the standard free energy of adenrghG°,q9
of the inhibitor molecules by the following Eq. {{4L1]:

1 ~AGy
Kad“sssexp( RT )

Where R is the universal gas constant, the thermaic temperature and the value of 55.5 is the exnation of
water in the solution. The results are presentélthivie 6.

(13)
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Figure 9. Adsorption isotherm according to Langmuirs model derived fromEIS measurement

Table 6. Thermodynamic parameters for the adsorptia of SMP in 2.0 M HiPO40n the carbon steel at 298K.

Inhibitor  Slope Ki(M™) AG°aq(kJ/mol)
SMP 1.06 73837.79 37.7:

The value of thé,qsis 73837.79 M" which reflects the high adsorption ability of tS&%P molecule on the mild
steel surface. Generally It is usually accepted vhiue more negative than —40 kJ/mol involve ckasbaring or
charge transfer between the metal surface and iergamlecules (chemisorption process) while thosaiad -20
kJ/mol or lower is attributed to electrostatic attion between the charge metal surface and theyethaorganic
molecule in the solution[42, 43]. Thé,,, value is negative and high (-37.72 kJ Moiindicates the strong
interactions between the inhibitor molecules arel ttietal surface. Therefore, it is concluded thandbal and
physical adsorption can be occur for the adsorpifdhe SMP molecule on the mild steel surface ],

Quantum chemical calculation

The quantum chemical calculations serve as a ttiearenodel for establishing a correlation betweaaolecular
structure and corrosion inhibition efficiency. Rettg, DFT has been used to analyze the characteristicseof th
inhibitor/surface interaction and to describe theuctural dependence of the inhibitor on corrosinhibition
process. Th®FT calculations and correlations were performed oumraéforms of SMP in order to get a better
understanding of the influence of the acidic medinrthe MS corrosion protection mechanism.

According to the frontier molecular orbital theqMO) of chemical reactivity, the formation of a tratiten state is
due to an interaction between the frontier orbitl©MO and LUMO) of reacting species. Thereforelyahe
HOMO and LUMO of both reactants are considered wénalyzing the chelation processes of adsorptigrf4G
The difference between the energy levels of thelsiads is important in the evaluation of inhibitigpotential. The
smaller the orbital energy gapK) between the participating HOMO and LUMO, theosger are the interactions
between two reacting species which cause the atitsomf the inhibitor on the metal surface[48]. Téguilibrium
geometry structures and the frontier molecule atliensity distributions of the molecule are shomwirig.10, and
the quantum chemical parameters are listed in Table
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Optimizedl molecular structure

Figure10. Optimized structure and frontier molecula orbital diagrams of SMP by B3LYP/6-31G (d,p)

Table6. Quantum chemical parameters for SMP calcukad using B3LYP/6-31G (d,p)

Molecular parameter: SMP
Erowmo (€V) -6.03303949
ELumo (eV) -1.69799136
AEgy (eV) 4.33504813
U (debye) 6.7305
I (eV) 6.03303949
A (eV) 1.69799136
x (eV) 3.86551543
n (eV) 2.16752407
W 16.1937994
AN 0.72305646
TE (a.u) -1269.4

Enomo is often associated with the capacity of a moledol donate electron. High value Bfowo is likely to
indicate a tendency of the molecule to donate &astto appropriate acceptor molecules with lowrgyneand
empty molecular orbital [48F, ymo indicates the ability of the molecule to acceptions. The lower the value of
E umo, the more probable it is that the molecule wowuddept electrons [49]. From Table 7, thgoko and Eyvo
valuessuggestshere is a high interactions involved in the ceioo inhibition process. According to frontier debi
theory, the reaction of reactants mainly occur¢i@MO and LUMO. So, the smaller the gakE) betweerEyomo
and E yvo is, the more probable it is to donate and accégttrens. The value oAE in Table 7, suggest the
strongest ability of SMP to form coordinate bondthwl-orbitals of metal through donating and acceptilegteons,
is in good agreement with the experimental re§6$. Additionally, for the dipole moment, highealues ofu will
favor the enhancement of corrosion inhibition [SAjom Table 7, the values pfsupport the experimental results
mentioned above.

Another method to correlate inhibition efficiencytiivparameters of molecular structure is to cakeuthe fraction
of electrons transferred from inhibitor to metatfage. The calculated result are presented in Tabl&enerally,
value ofAN shows inhibition efficiency resulted from electrdonation, and the inhibition efficiency increasath
the increase in electron-donating ability to theahsurface in the case aN less than 3.6. In this study, it can be
seen from Table 7 that the value &AX indicate the high ability of SMP to donate elengdo the metal surface,
which is in good agreement with the order of intidi efficiency of this inhibitor [52, 53].

CONCLUSION

The studied compound, Sulfamethoxypyridazine, ékigibod inhibition properties for the mild steelrgmsion in

2 M H3PQ,, the inhibition efficiency increases on increastmncentration of the inhibitor and decreases with
increase in temperature. The potentiodynamic prdfidn curves show that the Sulfamethoxypyridazpnevent
metal dissolution and also hydrogen evolution lieast (mixed-type inhibitor).The adsorption of SMPasv
successfully described by the Langmuir adsorptsmtherm and the corresponding valueA®,qs reveal that the
adsorption mechanism of this inhibitor on mild $te@face in 2 M HPQ, solution is a mixed type involving both
physisorption and chemisorption. Through DFT quantinemical calculations a correlation between, patars
related to the electronic structure of studied bitbr and their potential to inhibit the corrosiprocess, could be
established.
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