Available online & www.scholarsresearchlibrary.com

\\a(mac,é
Scholars Research Library Qq& *“'b“‘é
Scholars Research . * t@# (E
Der Pharmacia Lettre, 2016, 8 (4):126-137 . Vq v 2
(http://scholarsresearchlibrary.com/archive.html) A4
Library

ISSN 0975-5071
USA CODEN: DPLEB4

Corrosion inhibition performance of sulfamethazinefor mild steel in
Phosphoric acid solution: Gravimetric, electrochental and DFT studies

L. Adardour 2 H. Lgaz"®, R. Salght’, M. Larouj*, S. Jode’, M. Zougagt®®, I. Warad*
and H. Oudda'

Y aboratory Separation Processes, Faculty of Sciebogversity Ibn Tofail PO Box 242, Kenitra, Moracc
?Laboratoire d’Ingénierie de Modélisation et d’Enmimement, Faculté des Sciences Dhar El Mehraz EBS B
1796 Atlas Fes Maroc
3Laboratory of Applied Chemistry and Environment, 3 Université Ibn Zohr, PO Box 1136, 80000 Agadir,
Morocco
“Department of Chemistry, An-Najah National UniversP. O. Box 7, Nablus, Palestine
®Regional Institute for Applied Chemistry ReseatBHCA, E-13004, Ciudad Real, Spain
®Castilla-La Mancha Science and Technology Park2B0®, Albacete, Spain

ABSTRACT

The inhibition effect of Sulfamethazine (SFMT) lo@ ¢orrosion of mild steel in 2.0 M phosphoric ab@as been
investigated by weight loss, polarization potengizaimic and electrochemical impedance spectrosc@&p$)(
SFMT is able to reduce the corrosion of steel @ffely in phosphoric acid. Results obtained revdaieat these
compounds are good mixed-type inhibitors withowngfing the mechanism of the corrosion process.effeet of
temperature on the corrosion behavior of mild siegbhosphoric acid with addition of SFMT was sadlin the
temperature range 298-328 K. The studied compoapgeared to function through general adsorptiorofeing

the thermodynamic—kinetic adsorption isotherm. Tfermodynamic and activation parameters were detexth
and discussed. Quantum chemical calculations wemied to theoretically determine the relationshiptween
molecular structure and inhibition efficiency.

Keywords: Mild steel; Corrosion inhibition; Phosphoric acidFT; EIS

INTRODUCTION

Acid solutions are commonly used for the removaluafiesirable scale and rust in metal finishing stdes,
cleaning of boilers and heat exchangers[1]-[3]. frevent unexpected metal dissolution and excesd aci
consumption in the process of cleaning, therefmt@bitors will be inevitable to be put into useobt of the well-
known acid inhibitors are organic compounds esfigcthose with N, O and S showed an effective csion
inhibition. New inhibitors are discovered every ddy principle, inhibitors prevent the corrosion wofetal by
interacting with the metal surface via adsorptibrotigh the donor atoms, p-orbitals, electron dgnzitd the
electronic structure of the molecule[4]-[9]. In feular, -NH2 and —SO groups in the structuresbfhitors often
act as reaction centers during the adsorptionefrthibitor[10], [11]. In this way, the inhibitoferm an adsorbed
protective film on the metal surfaces, and proteetmetals from the attacking acid solution.

Quantum chemical calculations are very effectivethods for determining a correlation between molacul
structure and inhibition efficiency. They can alsoutilized to support the accuracy of experimerdallts. Thus, it
is important to compute the quantum chemical patarsesuch as the energy of the highest occupidéomiar
orbital (Byomo), the energy of the lowest unoccupied moleculaitak (E yvo), the fraction of electrons transferred
(AN) and the energies of the frontier molecular aib[tL2]-[15].
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In this paper, SFMT is selected based on the ceraidn of their molecular structures. The inhibitieffect of
SFMT on the corrosion of mild steel i, solution was studied using weight loss, potenti@git polarization
curves, and electrochemical impedance spectros@®l8). Effects of inhibitor concentration, temperat were
fully investigated. The adsorption isotherm of itor on steel surface, the standard adsorptionéreergy 4G, ;)
and apparent activation energy,)re obtained. Quantum chemical calculation of D#as applied to study the
molecular parameters 8FMT. The molecular structure of Sulfamethazine isemésd in Fig. 1:

e HH/N_
W man W

Figure 1: Chemical structure of Sulfamethazine
MATERIALS AND METHODS

Electrolytic solution and concentration range
The aggressive solutions of 2.0 MiRO, was prepared by dilution of analytical grade 85%®}, with distilled
water. The concentration rangeSFMT used wa$ x10*M to 1x10°M

Weight loss tests and electrochemical measurements

In this study, the effects @FMT on the metal corrosion were performed by the edebemical measurements
(Electrochemical impedance spectroscopy (EIS) aotbrpiodynamic polarization curves measurementsyl a
weight loss tests. The detail of experiments refeed from the published article of R. Salghi e{H6]-[19]

Computational procedures

Complete geometrical optimizations of the invegdgamolecules are performed using DFT (density tionel
theory) with the Beck’s three parameter exchangetfanal along with the Lee-Yang-Parr nonlocal etation
functional (BLYP) with 6-31G* basis set is implemented in Gaasd)3 program package [20]-[22].This approach
is shown to vyield favorable geometries for a widariety of systems. This basis set gives good gegymet
optimizations. The geometry structure was optimizedler no constraint. The following quantum chetnica
parameters were calculated from the obtained opéichstructure: The highest occupied molecular airifiomo)
and the lowest unoccupied molecular orbital,f0), the energy differencelE) betweenE,omo and E ymo, dipole
moment (1), electron affinity A), ionization potentiallj and the fraction of electrons transferrgdil.

According to Koopman’s theorem[23] the ionizatiootgntial (IE) and electron affinity (EA) of the iibitors are
calculated using the following equations.

IE = -B1omo
EA = -E.umo

Thus, the values of the electronegativity &énd the chemical hardnesy @ccording to Pearson, operational and
approximate definitions can be evaluated usingdhewing relations[24]:

)(:|+A (1)
2

p=1-4A )
2

The number of transferred electronsN) was also calculated depending on the quanturmicia¢é method[25],
[26]by using the equation:
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— XFe _Xinh
AN = ZF=——M (3)
2(’7Fe +’7inh)

Wherey re and y;nn denote the absolute electronegativity of iron amubitor moleculeng and n;,, denote the
absolute hardness of iron and the inhibitor molkecabpectively. In this study, we use the theoaktialue of
¥re =7.0 €V andee = 0, for calculating the number of electron transdd.

RESULTS AND DISCUSSION

Effect of concentration

Polarization potentiodynamic
Fig. 2shows Tafel plots for mild steel in 2.0 MR, containing different concentrations of t&&MT. The

presence of the inhibitor slowly shifts the catlodnd anodic lines to lower values. This indicateger currents
and hence lower corrosion rates of mild steel iaspnce of th&sFMT compared to that in blank. It can be
concluded that the inhibitor acts mainly as a mirtabitor in2.0 M PO, solution[27], [28]. The electrochemical
parameters of mild steel in presence of differahtditor concentrations are listed in Table 1. Eheglude the free
corrosion potentialk.,,, corrosion current densiti,,,, cathodic Tafel slopdy, and inhibition efficiency, %&. The
cathodic Tafel lines show similar slope either regence or absence 8FMT. It indicates that the mechanism of
the cathodic reaction does not change in presehtieednhibitor and the inhibition action is achéslvby simple
blocking of the steel surface[29], [30].
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Figure2. Potentiodynamic polarization curves of cdoon steel in 2.0 M HPQO, in the presence of different concentrations of SFW

It should be pointed out that the inhibition effinty, %E of the inhibitor was determined from the corrosion
currents,iq, in presence and absence of the inhibitor. It candbtermined from,, values according to the
following equation;

0

N, (%)= @xmo ) (4

0
corr

Where,I2,,, is corrosion current in the absence of inhibitgy,,iscorrosion current in the presence of inhibitor.

The decrease of the corresponding current densitteancreasing inhibitor concentration is dughe formation of
a protective films on the electrode surface.
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Tablel. Electrochemical parameters of carbon steelt various concentrations of SFMT in 2.0 M HPO,and corresponding inhibition

efficiency
Inhibitor Concentration Ecor vs. SCE —Be | corr Natel
(M) (mv) (mV dec?) (MACM?) (%)
Blank 2.0 -488 135 2718 0O
5x10* -525 134 271 90.0
1x10* -540 136 560  79.4
SEMT 5x10° 547 145 901  66.8
1x10° -555 153 1332 51.0

Electrochemical impedance spectroscopy

Nyquist plots of MS in uninhibited and inhibitedidsolutions containing various concentrationsSS&MT at 298
K are shown in Fig. 3.Nyquist's plots consistingook depressed semi-circular shape in inhibited,wrnhibited
acid solutions are seen in Fig. 3. This indicalted the corrosion of the MS in the presence andratesof inhibitor
and mainly controlled by a charge transfer pro&igds[32]. By increasing concentration 8FMT in 2.0 M PO,
solution, it causes a change in both shape anddfiztee Nyquist plots. The one depressed semi@rcshape
appearing in the Nyquist plots is attributed to tharge transfer resistance and the diffuse laggstance, at low
frequencies related to the adsorption of inhibitarecules on the metal surface and all other actatedikinds at
the metal/solution interface (inhibitor moleculesyrosion products, etc.). In the evaluation of digy plots, the
difference between real impedance at lower andemigiequencies is commonly accepted as a chargsféra
resistance[33], [34]. As in Fig. 3, the increasiRgvalues with increasing concentration of ®EMT indicate the
formation of a protective film at the metal surface
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Figure3. Nyquist diagrams of carbon steel with diférent concentrations of SFMT at 298K

A suitable equivalent circuit diagram is given wiB is solution resistance, ail@PE is a constant phase element
in Fig. 4fitting well with the experimental resulby analyzing the EIS data. The Nyquist plots aoé perfect
semicircles as expected from the theory of EIS.r@foee, it is necessary to use the constant phasecat, CPE,
instead of double layer capacitanCg to give a more accurate fitting. On the other hahd use of &CPE is
required as a result of inhomogeneities like thdase roughness/porosity, adsorption, or diffusioiis the phase
shift expressed as a degree of surface inhomogesetthe fitted data of impedance plots are giveiable 2. It
can be seen from Table 2 that whifg values obtained from EIS measurements increade thé increasing
concentration oSFMT, CPE values decrease. The decrease inGRE& could be the result in a decrease in local
dielectric constant and/or an increase in the tiesk of double layer due to the adsorptio®BMT molecules at
the metal/solution interface. Furthermore, bettestgrtion provided by an inhibitor could be asstedawith a
decrease in capacitance of the metal[10], [11]. ihh#ition efficiency § %) was calculated from the polarization
resistance using the following equation:

Rt_ RS{
n, (%)= CR—X 100 ©)

ct
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WhereR?, and R; were the polarization resistance of uninhibited arhibited solutions, respectively. The double
layer capacitance values{Qs evaluated from constant phase element CPEB)Y@nd a charge transfer resistance
value (Ry), using the following relation:

Car = "/Q. R 6)

Where Q is the constant phase element (CPE) angl & ¢oefficient can be used as a measure of surface
inhomogeneity.

Hs CPE
— AN > >
Rt

— A\

Figure4. Equivalent electrical circuit correspondirg to the corrosion process on the carbon steel impsphoric acid

Table2. Electrochemical Impedance parameters for coosion of carbon steel in acid medium at various entents of SFMT

L Concentration R Yox10° C
Inhibitor M) @cmd) (nalem?) " (uFlend) ?023
Blank 2.0 14 21.024 0.88 9496 O
5x104 136.6 1.5822 0.89 07.41 89.8
1x10* 67.7 2.9733 0.90 14.92 79.3
SFMT 5x10° 44.0 5.0138 0.8¢ 23.54 68.2
1x10° 30.7 5.0484 0.91 26.62 54.4

Weight loss study

Corrosion parameters namely, corrosion ratg,(8urface coverag®) and inhibition efficiency{ %) of mild steel

in 2.0 M HPQ, solution in the absence and presence of differententrations of inhibitor at 298 K, obtained from
weight loss measurements are shown in Table3. Hialoie 3,it is apparent that inhibition efficieneycreased with
increasing the concentration of the inhibitor. Tihkibition efficiency of SFMT at 5.10 M was found to be
87.2%at 303 K (Table 3). The increase in inhibit&fficiency and decrease in the corrosion rate witheasing
concentration of inhibitor is due to increase ie furface coverage, resulting retardation of naissiolution.

Table3. Effect of SFMT concentration on corrosion dta of carbon steel in 2.0 M HPO,

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

Blank 2.0 1.972 - -
5x10* 0.2524 87.2 0.872

SFMT x10* 0.4871 75.3 0.753
5x10° 0.5448 69.6 0.696
1x10° 0.9111 53.8  0.538

Effect of temperature and activation parameters
Temperature effect was determined at various teatpess (298-328 K) in the absence and presencetofium
concentration of inhibitor in 2.0 M 4#0,. Fig. 5and 6 depicts the Tafel plots without andhwoptimum

concentration oSFMT.
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Figure5. Potentiodynamic polarization curves of caoon steel in 2.0M HPO, at different temperatures
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Figure 6. Potentiodynamic polarization curves of caoon steel in 2M H;PO, in the presence of 5.10M of SFMT at different temperatures

In acidic media, rise in temperature usually agetés the corrosion reactions, resulting in higtissolution of
metal. It is clear from Table 4 th@b decreases as the temperature increases frono ZBBtK, this occurs due to
an appreciable decrease in adsorption of inhibitotecules on metal surface with rise in temperaturé further
cause desorption of inhibitor molecules becausseth@o opposite processes are in equilibrium. Ruéigher
desorption rate greater surface area of MS comeimact with corrosive environment, resulting ntreased
corrosion rates with rise in temperature[18].
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Table4. Various corrosion parameters for carbon stel in 2M HzPO, in absence and presence of optimum concentratioi SFMT at
different temperatures

Inhibitor  Temperature Ecorr VS. —B: i corr Natel
K SCE(mV) (mVdec!) (WAcm?) (%)
298 -488 135 2718 O
308 -532 137 4220 0
Blank 318 -523 132 6610 0
328 -514 139 11890 O
298 -525 134 271 90.0
5x10“M 308 -541 135 502 88.1
SFMT 318 -544 147 1363 79.4
328 -547 142 3286 72.4

The energy of activation for the corrosion proogsse calculated from the Arrhenius equation:
—E
Cr = Aexp (R—;
()

WhereE, represents apparent activation eneRyhe gas constarnd, is the pre-exponential factor. Arrhenius plots
for the corrosion rate of MS are shown in Fig. alués ofE, for MS in 2.0 M HPQ, in absence and presence of
inhibitor were calculated by linear regression hew log i.o,) and 1T. The value ofEg, is higher for inhibited
solution (68.79 kJ mot) than that for uninhibited solution (39.50 kJ Mpl The higher values d, indicate that
more energy barrier for the corrosion reaction riespnce of the inhibitor is attained. Thus the dusi inhibitor
molecules prevent charge or mass transfer frormiltesteel surface[35].
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Figure7. Arrhenius plots of carbon steel in 2.0 M HPO,with and without 5.10* M of SFMT

Other activation parameters can be evaluated flwmeffect of temperature. Enthalpy and entropy ativation
were calculated using the alternative form of Anibs:

Cr =1 exp (52) exp (—52) ®)

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 @pesland an intercept (Fig. 8) from which the atibra
thermodynamic parametendd, andAS, were calculated, as listed in Table 5. The valdds,@andAH,are close to
each other, as expected from the concept of tiansitate theory, and follow the same pattern ofatian with
different concentrations of the inhibitor. The nidgma value ofAS, for inhibitor indicate that the formation of the
activated complex in the rate determining stepasgnts an association rather than a dissociagégy steaning that
a decrease in disorder takes place during the eairthe transition from reactants to activated plex{36], [37]
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Figure8. Arrhenius plots of carbon steel in 2.0 MHsPO,with and without 5.10* M of SFMT

Table5. The values of activation parameter&,, 4H, and A4S, for carbon steel in 2.0 M HPO, in the absence and presence of 5.0 of

SFMT
Concentration Ea AH, AS, Ea-AH,
(M) (kI mol™) (kI mol™) (I mol*K?) (kJ mol?)
Blank 39.50 36.91 -112.98 2.59
5x10°M SFMT  68.79 66.19 -92.09 2.60

Adsorption isotherm

Studying adsorption isotherm is the best way toeustdnd the interaction between inhibitor molecualed metal
surface. The type of adsorption can be either ghygtion or chemisorption. The studied inhibitdieaf corrosion
rate mainly through the variation of degree of acef coverage, so inhibition efficiency becomesftinetion of the
electrode surface covered by the inhibitor moles[3@], [39]. The linear relation between degreesafface
coveraged (60 =1E (%) /100) and concentration of the inhibitor issential to obtain the adsorption isotherm.
Attempts were made to fit the data to various ieotts like the Langmuir isotherm, the Temkin isothethe
Frumkin isotherm, and the Freundlich isotherm. Hest fit is found for the Langmuir adsorption isern.
According to this isotherng, is related to C by

inh — + C

inh (9)

Where, C is the concentration of the inhibitogsds the equilibrium constant of adsorption &hds the surface
coverage.
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Figure9. Adsorption isotherm according to Langmuir's model derived from EIS measurement

A plot of Ch versus C was drawn to get straight line (Fig. & slope around 1 and regression co-efficiensel
tol. This confirms the uniform monolayer Langmuimd of adsorption of the inhibitor with no interast with the
neighboring sites.The value of K is related to #hendard free energy of adsorptiak(z°,4s by the following
equation:

AGY,. = —RTIn(K + 55.5)(10)

Where the value 55.5 is the water concentratiosalution expressed in moltAG®,4s value is calculated and
presented in Table 6, which is negative and higH&T.59kJ molY). A negative value of free energy indicates
spontaneity of adsorption of inhibitor on the metatface. If the magnitude &G°, is around — 20 kJ mot or
less negative then the interaction is electrostatiphysical. Those around - 40 kJ frfobr more negative is
chemisorption which occurs by a coordinate typenefal bond. The value obtained in the present stsid$7.59

kJ mol' %, so the type of interaction is a mixture of phgsigion and chemisorption which is a complex kirfd o
interaction[39], [40].

Table6. Thermodynamic parameters for the adsorptiorof SFMT in 2.0 M HzPO40n the carbon steel at 298K

Inhibitor  Slope Ki(M) AG°aq(kd/mol)
SFMT 1.08 69841.18 375¢

Quantum chemical calculations

Computational methods have a strong impact towlaeddesign and development of organic corrosiorbitdris.
Recently, density function theory (DFT) has beeeduso analyze the characteristics of the inhilstaface
mechanism and to describe the structural naturthefinhibitor on the corrosion process. Furtherm®ET is
considered to be a very useful technique to prdiee ibhibitor/surface interaction as well as to gmal the
experimental data[41], [42]. Thus in our presenestigation, DFT method was employed to give somséght into
the inhibition action ofSFMT molecule on the carbon steel surface. The quantuemical parameters such as
Evomos ELumos the energy gapE (E.umo - Enomo), and dipole momentuf were obtained for the neutr8FMT
molecule to predict their activity toward metal faige. These quantum chemical parameters were dedeaéter
geometric optimization with respect to all nucleamordinates. Frontier orbital density distributi@nuseful in
predicting adsorption centers of tSqEMT molecule responsible for the interaction with rhetaface atoms. Figure
1 shows the optimized structure and frontier othtiatribution of the molecule HOMO and the LUMO rdity
distribution of SFMT. As can be seen from Fig.10 the HOMO is distridudger the entir&€FMT molecule, but the
density of LUMO is mainly localized on the Sulfaimazine. The presence of these adsorption centersazese flat
orientation of SFMT molecules on the surface of steel, thus high aegrfesurface coverage and inhibition
efficiency is expected fdBFMT from the theoretical point of view. These ressliggest that the two O and four N
atoms are the probable reactive sites for adserpio SFMT on the metal surface. The calculated molecular
parameters are listed in Table 7.
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Figurel0. (a) Optimized structureand frontier molecular orbital diagrams of SFMT by B3LYP/6-31G (d,p) HOMO (b) and LUMO (c).

Table7. Quantum chemical parameters for SFMT calcudted using B3LYP/6-31G (d,p)

Molecular parameters SFMT

Eromo (eV) -5.91739
ELumo (eV) -0.94015
AEgu (€V) 4.97723
U (debye) 7.3094
I (eV) 5.91739
A (eV) 0.94015
% (eV) 3.429
1 (eV) 2.489
w 2.8808
AN 0.717
TE (eV) -33551

Enowmo is often associated with the electron-donatingitghilf a molecule and its high value (-5.91739e¥)ikely
to indicate a tendency to donate electrons to qp@i@ low-energy acceptor states. Increasing gatdiehe Eomo
facilitate adsorption (and therefore inhibition) mfluencing the transport process through the dusb layer.
E, umo indicates the ability of the molecule to accegicens; hence these are the acceptor states.oWes the
value (-0.94015eV) of gvo, the more probable it is that the molecule wouddept electrons[43]. For the dipole
moment (1), higher value (7.3094D) of will favor a strong interaction of inhibitor molgles to the metal surface.
In addition, the electro negativity parametgrié related to the chemical potential, and higreue of §)indicates
better reactivity. Global electrophilicity index)is the measure of the electrophilic tendency ofdadecule. In our
case, the inhibito6EFMT with high electrophilicity index value (2.8808eYas the highest inhibition efficiency.
Using Eq. (4), the value of electron-donating &pi{AN) was calculated and its value is given in Tablé AN <
3.6 (electron), the inhibition efficiency increasegh increasing value oAN, while it decreased iAN > 3.6
(electron)[43], [44]. In present contributioBFMT is the donor of electrons, and the iron surfacematvas the
acceptor. ThesFMT was bound to the mild steel surface, and thus ddrimhibition adsorption layer against
corrosion at carbon steel/hydrochloric acid sohuiiterface.

CONCLUSION

The Sulfamethazine act as good corrosion inhitfbormild steel in 2.0 M BPQ, solution. Polarization studies
showed that the tested inhibitor is mixed typeature. EIS measurements show that charge traredfistance (B
increases and double layer capacitancg (@creases in the presence of inhibitor, whiclgsated the adsorption
of the inhibitor molecules on the surface of mitded. The results obtained from Langmuir adsorptsmtherm
suggested that the mechanism of corrosion inhibisaccurring mainly through adsorption proced® €fficiency

of SFMT is found to decrease proportionally with increasiemperature (298—328 K) and its addition to 2.0 M
HsPQyleads to increase of apparent activation energydfcorrosion process. Quantum chemical resulSFW T
indicating that the inhibitor is good corrosioniisitor for mild steel in 2.0 M EPQysolution.
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