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ABSTRACT

The inhibiting action of Sulfadiazine (SFD) on tlegrosion of mild steel in 1 M hydrochloric acid svaxamined by
different corrosion methods, such as weight losgemtiodynamic polarization and electrochemical @dance
spectroscopy (EIS). The experimental results sughasthis compound is an efficient corrosion bitor and the
inhibition efficiency increases with the increaseimhibitor concentration. Adsorption of this conupal on mild
steel surface obeys Langmuir's isotherm. Correlatisetween quantum chemical calculations and inioibit
efficiency of the investigated compound is disaissing the Density Functional Theory method (DFT).
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INTRODUCTION

Corrosion affects most of industrial sector and mast billions of dollars each year for preventargl replacement
of maintenance[1]-[3]. The use of inhibitors is oofethe most effective ways to prevent corrosiowrr@sion
inhibitors will reduce the rate of either anodiddation or cathodic reduction or both. This willvgius anodic,
cathodic or mixed type of inhibition[4]-[6]. Thesempounds can be adsorbed on metal surfaces, theckctive
sites, and decrease the corrosion rate. The adsorability of inhibitors onto the metal surfacepgads on the
nature and surface charge of metal, chemical comiqpof electrolytes, and molecular structure aéctronic
characteristics of inhibitor molecules. Most of fliential corrosion inhibitor possess an actiefoatoms such as
(N, O, and S), heterocyclic compound anelectron[6]-[10].

In the recent times, the use of quantum chemic#hoaks in the estimation of potential corrosion Initars has been
extremely useful. Quantum chemical parameters wisich based on the Density Functional Theory such as
chemical hardness, electronegativity, chemical m@k nucleophilicity, electrophilicity have bed¢he guide for
investigating the agreement with experimental déthe results of computational chemistry works[&D]-[13].

In this study, we aimed to investigate the inhdsitefficiency of SFD using electrochemical techeisjuand weight

loss measurements. The choice of this compoundh ashébitor was based on molecular structure caarsitions.
SFD molecule has nitrogen atoms, sulfur and oxygems, which are assumed to be an active centedsairption.
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MATERIALSAND METHODS

2.1. Work electrode and electrolyte
The chemical structure of inhibitor is presentedéhematic 1.

— ‘|3|H N—
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schematicl. Chemical structure of Sulfadiazine

The corrosive medium used for all experiments idrbghloride acid solution of concentration equallté M
prepared by dilution of an analytical grade 37% H@ih deionized water. The concentration for eaested
inhibitor varying from 10 to 10°mol/L. The carbon steel specimens employed inghisly possess the following
composition: 0.370 % C, 0.230 % Si, 0.680 % Mn]16.8 S, 0.077 % Cr, 0.011 % Ti, 0.059 % Ni, 0.00%%g
0.160 % Cu, and Fe balance.The carbon steel sampézkfor electrochemical tests were covered ixepesin
with an exposed surface of 0.5 Tio the corrosive medium, for gravimetric measunente coupons with
dimensions of 2.5 cm x 2.5 cm x 0.5 cm were emmdoy&¥ior to each experiment, a freshly preparedtisr was
used and the sample was mechanically abraded vffénaiht emery papers up to 1200 grade, washed aatible
distilled water followed by acetone and finallyettiin room temperature.

2.2. Electrochemical M easurements

A Potentiostat / Galvanostat PGZ 100 with Voltarenst software are used for the electrochemical dapee
spectra and polarization techniques using thregtrelde cell in which the reference electrode istarated calomel
electrode (SCE), the counter electrode made ofinpla and the working electrode is carbon steel.eft
stabilization of studied system at open-circuitgodial during 30 min immersion, the electrochemicapedance
spectroscopy tests were realized at free potentihle frequency range of 100 kHz to 10 mHz withpétade of the
voltage perturbation is 5 mV AC. For potentiodynamblarization tests, the electrochemical behagfocarbon
steel specimen in the corrosive medium in the masend absence of inhibitor was performed by sogntie
potential from —800 to—200 mV/SCE with a scan #té mV/s.

2.3. Weight loss measurements

The prepared carbon steel electrodes were immarsedjgressive solution with and without the adaditiof
different concentrations of each inhibitor at fixedmersion time of 6 h at 303 K. For each condititiplicate
experiments were performed and the reported weliggdes are calculated by average values. For wejghi
accurately the samples after and before immersiernligital balance with high sensitivity is used.

2.4. Theoretical calculations

Quantum chemical methods are usually used to expl@ relationship between the inhibitor molecylaoperties
and its corrosion inhibition efficiency[14]-[16].\i these methods, the capability of inhibitor males to donate
or accept electrons can be predicted with anabfsigobal reactivity parameters, such as energy(g&) between
HOMO and LUMO, dipole moment, total energy (TE), electron negativity),( hardnessr), softnessd), the
fraction of electrons transferred), etc.The quantum chemical calculations were edraut with geometrically
optimized molecules using Gaussian03, E.01 packd@ydhe molecular structures were optimized usihg t
functional hydride BLYP density function theory (DFT) formalism havietectron basis set 6-31G (d, p) for all
atoms[18]-[20].According to Koopman’s theorem[2[P}2], the ionization potential (IE) and electrofiirity (EA)

of the inhibitors are calculated using the follogriequations.

IE = -Eqomo )
AE = -Eumo (2)

Thus, the values of the electronegativigy &nd the chemical hardnesy @ccording to Pearson, operational and
approximate definitions can be evaluated usingdhewing relations[23]:

_IE+EA

3
> ®3)
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_IE-EA
2

(4)

The number of transferred electroreN] was also calculated depending on the quanturmiciaé method [24]-
[26]by using the equation:
2(’7Fe +’7inh)

Where yre and yinn denote the absolute electronegativity of iron @mubitor moleculenge and n,, denote the

absolute hardness of iron and the inhibitor mokecakpectively. In this study, we use the theoabtialue ofyee
=7.0 eV mot* andng. = 0 eV mot", for calculating the number of electron transferre

RESULTSAND DISCUSSION

3.1.Polarization results

Fig. 2 shows anodic and cathodic polarization plots medron mild steel in 1 M HCI in absence and presayic
different concentrations of inhibitor. Electrocheali corrosion parameters, such as corrosion pateftj,,
cathodicTafel slopefc, the corrosion current densityd and inhibition efficiency, (%) are given inrable 1. The
percentage of inhibition efficienay, was calculated following this equation:

—_—
HpY% = ({, *““) % 100

Corr

(6)
where?,,.. andi.,,, are the corrosion current densities in the absandepresence of the inhibitor, respectively.

Table 1. Polarization data of carbon steel in 1.0 M HCI without and with various concentrations of SFD at 303 K

Inhibitor Conc -Ecorr -pc leorr 1, S)
M) (MV/SCE) (mVdec) (pAcm?) (%)
Blank - 496 162 564.0 - -
5.10° 481 171 58.4 89.64 0.8964
SFD 1.10° 488 166 135.2 76.03 0.7603
5.10° 490 158 178.4 68.37 0.6837
1.10° 491 160 243.9 56.75 0.5675
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Fig2. Polarisation curves of carbon steel in 1.0 M HCI for various concentrations of SFD at 303K

The shift in B, values of the inhibited system compared to thd atank is less than 80 mV, suggesting that the
studied SFDis mixed type inhibitor, inhibit bothettanodic dissolution of mild steel and the cathddicion

229



R. Salghi et al Der Pharma Chemica, 2016, 8 (2):227-237

reduction[27]. The values of the anodic cathof@iw) (Tafel slopes do not show any uniform trend tharge in the
anodic and cathodic directions, which again corgimixed type inhibition mechanism of the studiekititor[11].
The decrease of the corresponding current densittesncreasing inhibitor concentration is duettie formation of
protective films on the electrode surface[26]. Timdibition efficiency (n, %) increases with increase in
concentration for the studied compound, the inbibinolecules are first adsorbed on the mild steefase,
blocking the available reaction sites, and decré@seorrosion current density.

3.2.Electrochemical impedance spectr oscopy measurements

The experimentalNyquist plots for mild steel cotoosin 1.0 MHCI solution in the absence and present
different concentrations of SFD at 303 K are shawhig. 3. The Nyquist plots showed single semlesowith one
time constant. The capacitive loops are not pedeaticircles due to non-homogeneity and roughnésiseomild
steel surface[28]. The impedance spectra were az@dlpy fitting the experimental data to the equmalcircuit
model shown in Fig. 4.
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Figure 3.Nyquist diagramsfor carbon steel in 1.0 M HCI containing different concentrations of SFD at 303 K

The introduction of CPE into the circuit was ned@$sd to explain the depression of the capacitasrricircle,
which corresponds to surface heterogeneity resulfitom surface roughness, impurities, and adsarptib
inhibitor[11]. The impedance of this element isginency-dependent and can be calculated using thé[Eq:

1 )

ZEP‘E = Q_':jm:ln

Where Q is the CPE constant (i'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 & dauthe heterogeneity or roughness of the surfélse double
layer capacitance values{Qs evaluated from constant phase element CPEB)Y@nd a charge transfer resistance

value (Rct), using the following relation:
Ca = "[QR™ )

Where Q is the constant phase element (CPE) ansl a ¢oefficient can be used as a measure of surface
inhomogeneity.
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Table 2. Impedance parameter s for corrosion of carbon steel in 1.0 M HCI in the absence and presence of different concentrations of

SFD at 303K
Inhibitor  Conc Ret Qx107 Ca M2 )
(gb) Qcmd) n  (Q'em?d (uFcm?® (%)
Blank - 29.35 091 1.7610 91.63 - -
5.10° 279.77 0.84 0.3253 13.29  89.51 0.8951
SFD  1.10° 18651 0.81 0.4657 1530  84.26 0.8426
510° 1377 0.83 0.7698 30.33 78.68 0.7868
1.10° 9178 0.87 1.3244 68.52  68.02 0.6802
Rs CPE
VA >
M r

Ret

Figure 4.Equivalent electrical circuit corresponding to the corrosion process on the carbon stedl in hydrochloric acid

The corresponding electrochemical parameters asepted in Table 2 and reveal that the inhibitordased the
magnitude of Rct, with corresponding decrease endbuble layer capacitancey)C The increase inRctvalue in
inhibited system, which corresponds to an incréaske diameter of the Nyquist semicircle, confirthe corrosion
inhibiting effect of inhibitor. The observed decseain G, values, which normally results from a decreaséhé
dielectric constant and/or an increase in the dolder thickness, can be attributed to the adswrpif inhibitor
molecule (with lower dielectric constant compared the displaced adsorbed water molecules) onto the
metal/electrolyte interface, thereby protecting ietal from corrosive attack[29]-[31].

3.3.Weight losstests

The corrosion parameters such as corrosion ragy Ehrface coveraged) and corrosion inhibition efficiency
(mw%) obtained by weight loss measurements for migklsspecimen immersed in 1.0 MHCI solution in the
absence and presence of different concentratianhdfitor SFD for an immersion period of 6 h at 808nd are
listed in Table 3 and presented in Fig. 5. Froml@a it is apparent that inhibition efficiency reased with
increasing concentration of the inhibitor. By ires@ng the inhibitor concentration, the part of rhetaface covered
by inhibitor molecule increases and that leadsitinerease in the inhibition efficiencies[32].
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Fig. 5.Relationship between the corrosion rate, the inhibition efficiency and SFD concentrationsfor steel after 6 h immersionin 1.0 M
HCl at 303K
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Table3. Corrosion parameter s obtained from weight loss measurements for carbon steel in 1.0 M HCI containing various concentration
of SFD at 303 K

Inhibitor ~ Concentration Cr Nw o
(/v (mgcm?®h?) (%)
Blank - 1.135 - -
5.10° 0.111 90.23 0.9023
SFD 1.10° 0.186 83.56 0.8356
5.10* 0.325 71.34 0.7134
1.10° 0.387 65.92  0.6592

3.4.Effect of temperature
Effect of temperature on the corrosion of mild kieel.0 MHCI without and with various concentrat® of the

studied inhibitors was investigated between 303nkd 833 K. Corrosion parameters such as corrosidengial
Ecor cathodicTafel slopefic, the corrosion current density,i andh,% obtained from polarization potentiodynamic
at optimum concentration and different temperatamesshown in Table 4. It is clear from the Tablihdt the jo,
increases with increase in temperature in the poesend absence of the inhibitor. Thg6 decreased with
increasing temperature from 303 to 333 K. This tgpéehavior can be described on the basis thatase in
temperature leads to a shift of the equilibriumifims of the adsorption/desorption phenomenon tolwatesorption
of the inhibitor molecule at the surface of mildedf30], [31], [33], [34].
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Fig. 6. Arrhenius plotsfor mild steel in 1.0 M HCl and 1.0 M HCI + 5.10°M SFD
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Fig. 7. Transition state plotsfor mild steel in 1.0 M HCl and 1.0 M HCI + 5.10°M SFD
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In order to calculate the activation energy for ¢berosion reaction, the Arrhenius Eq. 9 was useld[36]:
_Ea
Cr =k exp (F) (9)

Where G is the corrosion rate, R the gas constant, T ieolate temperature, A the pre-exponential facidre
apparent activation energies,YEnd pre-exponential factors (k) at 5°1® of inhibitor are calculated by linear
regression between In{l) and 1/T (Fig. 6), and also the results shownabl& 5. It is evident from Table 5 that
the value of the apparent activation energy for ititebited solution were higher than that for theinhibited
solution, indicating that the dissolution of milgésl was decreased due to formation of a barriehéyadsorption of
the inhibitors on metal surface[37].

Table 4.Theinfluence of temper atur e on the electrochemical parametersfor carbon steel electrodeimmersed in 1.0 M HCl and 1.0 M
HCI +5.10°M SFD

Inhibitor Temp -Ecorr -Bc lcorr NTafel
(K) (mMV/SCE) (mVdec) ((uAcm? (%)
303 496 1625 564 -
Blank 313 498 1545 773 -
323 492 176.0 1244 -
333 497 192.0 1650 -
303 481 171.0 58.4 89.64
SFD 313 487 166.7 1432  81.47
323 488 173.4 3057  75.43
333 486 163.7 4978  69.83
1000+
+ 4)
1 Q+\ */‘//+A
K +\+ %
Ng 10+ K\Jr\ %
S N7
< 1+ N //
3 N\ 7
= ] hr J';
0.14 % L+~ 10M HCI 303K
] ?L —+—1.0M HCI 313K
1 ' 1.0M HCI 323K
0.01 ' 1.0M HCI 333K

-800 ' -7IOO ' -6I00 ' -5I00 ' -4IOO ' -3I00 ' -200
E (MV/SCE)

Fig. 8.Potentiodynamicpolarisation curves of carbon steel in 1.0 M HCI at different temperatures

Other activation parameters can be evaluated flmmeffect of temperature. Enthalpy and entropy aivation
were calculated using the alternative form of Anibg[38]-[40]Eq. 10:

Cr =% exp (A%) exp (— A}%) (10)
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 @eland an intercept (Fig. 7) from which the ad¢itbra
thermodynamic parametersHa andASa were calculated, as listed in Table 5.The negatalue ofAS* for
inhibitor indicate that the formation of the actisd complex in the rate determining step represamtassociation
rather than a dissociation step, meaning that aedse in disorder takes place during the courdbeotransition
from reactants to activated complex[41], [42].
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Fig. 9.Patentiodynamicpolarisation curves of carbon steel in 1.0 M HCI in the presence of 5.10°M SFD at different temperatures

Table5.Corrosion kinetic parametersfor mild steel in 1.0 M HCI in the presence and absence of SFD

Inhibitor Ea AHa AS, Ea- AH,
(kJ/mol)  (kJ/mol) (I mol-1 K-1)

Blank 31.00 28.35 -98.80 2.65

SFD 60.44 57.80 -19.69 2.64

3.5.Adsor ption consider ations

Information on the interaction between the inhibitnolecules and the mild steel surface can be deaviby
adsorption isotherm. Plotting; @9 vs. G, yielded a straight line (Fig. 10) with a slopeuslgiven in Table 6 at
different temperatures. The’ Rnd slope value are near to unity indicating that adsorption of these inhibitors
obeys the Langmuir adsorption isotherm represdyatie following equation.

inh — + C

i (11)

Where, C is the concentration of the inhibitor, Kasl the equilibrium constant of adsorption @nis the surface
coverage.

The values ofK,4s were calculated from the intercept of Fig. 10.deawvalue ofK.4s were obtained for studied
inhibitor suggesting more efficient adsorption drahce better corrosion inhibition efficiency. Usitg values of
Kads the values oAG,4swere obtained by using the following equation:

AGY,. = —RTIn(K * 55.5) (12)

ads

Where the value 55.5 is the water concentraticsolation expressed in mol'L

The calculated value df,4s and 4G,y are listed in Table 6. In general, valuesAg3,4s up to — 20 kdmol* are
compatible with physisorption and those which areamegative than — 40 kJmdlinvolve chemisorptions[11],
[12]. The calculatedG,qs values for SFD were found in — 32.0 kJiplat different temperatures (303-333) K, this
value were between the threshold values for phlysidaorption and chemical adsorption, indicatingt tthe
adsorption process of inhibitor at mild steel scefanvolve both the physical as well as the chehaidaorption[11],
[36], [43].
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Figure 10.L angmuir adsor ption of SFD on the carbon steel surfacein 1.0 M HCI solution at 303K

Table5. Thermodynamic parametersfor the adsorption of H1in 1.0 M HCI on the mild steel at 303K

Inhibitor  Slope K(M™?) AG°aq(kJ/mol)
SFD 1.086427.32.19

3.6.Quantum Chemical Calculations

The structure and electronic parameters were adily means of theoretical calculations using treputational
methodologies of quantum chemistry. The optimizemlecular structures and frontier molecular orbdehsity
distribution of the studied molecule are shown iguFe 11. The calculated quantum chemical parametach as
Enomos ELumos AELumo-Homo, dipole moment (p) antN are listed in Table 6.

Fig.11. (a) Optimized molecular structure (b) HOMO and (c) LUMO molecular orbital density distribution of SFD
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Table7. Quantum chemical parametersfor SFD calculated using B3L'YP/ 6-31G (d,p)

Eiomo (8Y) Buwo(8V) AEs(eV) p(debye) TE(eV) yx(eV) n(ev) AN
SFD -5.98079  -1.16791  4.81288  7.2045  -31429  3.574.40& 0.712

Enowmo is often associated with the electron-donatindjitglnf a molecule and its high value (-5.98079)ikely to
indicate a tendency to donate electrons to apptmptow-energy acceptor states. Increasing val@iéseoE omo
facilitate adsorption (and therefore inhibition) mfluencing the transport process through the dusb layer.
E, uwmo indicates the ability of the molecule to acceptitns; hence these are the acceptor states. ez the
value (-1.04954eV) of kvo, the more probable it is that the molecule wowddept electrons [44].For the dipole
moment (1), higher value (7.2045) qf will favor a strong interaction of inhibitor moleles to the metal surface
[45].

The fraction of electrons transferred from inhibito the iron moleculeAN) was calculated. According to other
reports [46, 47], value ofAN showed inhibition effect resulted from electramndtion. In this study, the SFD was
the donators of electrons while the carbon stedhse was the acceptor. The SFD was bound to thmuoasteel
surface, and thus formed inhibition adsorption tagainst corrosion.

CONCLUSION

The SFD act as good corrosion inhibitor for mildedtin 1.0 MHCI solution. Polarization studies slea\that the
tested inhibitoris mixed type in nature. EIS measwgnts show that charge transfer resistance (Ruoases and
double layer capacitance {ICdecreases in the presence of inhibitor, whiclgested the adsorption of the inhibitor
molecules on the surface of mild steel. The resalitained from Langmuir adsorption isotherm suggpbshat the
mechanism of corrosion inhibition is occurring mwithrough adsorption process. Quantum chemicallte®f
SFD indicating that the inhibitor is good corrosiohibitor for mild steel in 1.0 MHCI solution.
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