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ABSTRACT

The inhibition effect of sulfathiazol&T2) on the corrosion inhibition of mild steel in 1M HCI solution was
studied by polarization, EIS, weight loss measurgmand quantum chemical calculation. It was fodinat the
inhibitor was effective and the inhibition effic@nwas significantly increased with increasing cemication.
Polarization curves revealed that the used inhibitpresent mixed-type inhibitor. Adsorption of thkibitor led to
a reduction in the double layer capacitance andramease in the charge transfer resistance, and feaad also to
obey Langmuir isotherm. A good correlation betwteoretical data and experimental data has beeaiobd.
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INTRODUCTION

Corrosion inhibitors are of great practical impade, being extensively employed in minimizing méatalaste in

engineering materials. The wide spread use of sigel in a variety of petroleum applications, sashdown hole
tubular, flow lines and transmission pipelines aed known[1—[6]. Hydrochloric acid solutions araédely used in

petroleum fields, for cleaning and descaling ohiemd steel alloys[7—10]. The use of inhibitorgie of the best-
known methods of corrosion protection[11, 12]. Gigacompounds used as inhibitors act through aga®of

surface adsorption, so the efficiency of an inbibilepends not only on the characteristics of tingrenment in

which it acts, the nature of the metal surface eledtrochemical potential at the interface, bub @s the structure
of the inhibitor itself, which includes the numbradsorption active centers in the molecule, tharge density,
the molecule size, the mode of adsorption, the &bion of metallic complexes and the projected askdhe

inhibitor on the metal surface[13-19]. The uselw@faretical parameters presents two main advantéigaly, the

compounds and their various fragments and substi&uean be directly characterized based on theiecutar

structure only; and secondly, the proposed mechmamit action can be directly accounted for in terofisthe

chemical reactivity of the compounds under studyZ3(

In the present paper, in order to obtain as effecinhibitor, sulfathiazole have been studied kgcebchemical
techniques to investigate electrochemical behavidumild steel in 1.0 M HCI solution. Theoreticalviestigation of
studied compound were also described by DFT methigd1 show the molecular structure of studiedtitbr:
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Figure 1. Molecular structure of studied compound
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MATERIALS AND METHODS

Electrodes and test solution

Corrosion tests have been performed, using theirgedsic and electrochemical measurements, on eléef cut
from sheets of carbon steel with the chemical casitjpm: 0.370 % C, 0.230 % Si, 0.680 % Mn, 0.01&%9.077
% Cr, 0.011 % Ti, 0.059 % Ni, 0.009 % Co, 0.160 % &nd the remainder iron.

The aggressive medium of molar hydrochloric aciedufer all studies were prepared by dilution oflgtigal grade
37% HCI with double distilled water. The conceritras of sulfathiazole used in this investigatesemesried from
10*t0 5.10° M.

Gravimetric measurements

Gravimetric measurements were realized in a douwtdded glass cell equipped with a thermostat-caplin
condenser. The carbon steel specimens used haaamgular form with dimension of 2:62.0 x 0.2 cm were
abraded with a different grade of emery paper (820-1200) and then washed thoroughly with distillester and
acetone. After weighing accurately, the specimeaevimmersed in beakers which contained 100 ml saligtions
without and with various concentrations®fZ at temperature equal to 303 K remained by a whtrmostat for
6h as immersion time. The gravimetric tests wendopmed by triplicate at same conditions. The csion rates
(Cg) and the inhibition efficiencyrf,, %) of carbon steel have been evaluated from massneasurement using
the following equations:

w
CR=or 1)
Me% = EC 100 @)
R

Where w is the average weight loss before and akposure, respectively, S is the surface areampke, t is the
exposure time¢p andCy, is the corrosion rates of steel without and with3TZ inhibitor, respectively.

Electrochemical tests

The potentiodynamic polarization curves were cotetlitising an electrochemical measurement system FXBZ
Potentiostat/Galvanostat controlled by a PC suppofliy the Voltamaster 4.0 Software. The electroébam
measurements were performed in a conventional #lestrode glass cell with carbon steel as a wgrkilectrode,
platinum as counter electrode (Pt) and a saturaddmimel electrode used as a reference electrode.wiiking
electrode surface was prepared as described abmewémgtric section. Prior to each electrochemiaat tan
immersion time of 30 min was given to allow thebdfaation system at corrosion potential. The pialation curves
were obtained by changing the electrode potentitdraatically from -800 to -200 mV/SCE at a scarraft 1 mV
s-1. The temperature is thermostatically controfiedesired temperature £1K.The percentage proteetificiency
( 7,%) is defined as:

0

I I
r] R (%) = COI’; corr X 100 (3)

0
corr

Where,I?,,, are corrosion current in the absence of inhibitgy, are corrosion current in the presence of inhibitor
Electrochemical impedance spectroscopy (EIS) measemts were carried out with same equipment used fo
potentiodynamic polarization study (Voltalab PGZ)1 @t applied sinusoidal potential waves of 5mV ktuges
with frequencies ranging from 100 KHz to 10 mHzatrosion potential. The impedance diagrams arergim the
Nyquist representation. The charge transfer rasistdRct) was determined from Nyquist plots andbd®dayer
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capacitance (Cdl) was calculated from CPE parametithe equivalent circuit deduced using Zviewtwafe. In
this case the percentage protection efficiency,%) is can be calculated by the value of the chargesfer
resistance (B

_ po
n, %)= e Ray 900 4)

Wherer?;, andR., were the polarization resistance of uninhibited enfibited solutions, respectively.

Density Functional Theory (DFT) method

Quantum chemical method is usually used to invatgighe relationship between the inhibitor molecplaperties
and its corrosion inhibition efficiency[23—-26]. Tipeoperties include orbital energy, charge denaitg combined
energy, etc. Some studies have investigated theelation between the inhibitor molecular structued its
efficiency, but much less attention has been pasirulate the adsorption mode of the inhibitor &remetal[26—
28]. Quantum chemical calculations were performsithgi density functional theory (DFT) with the Begkhree
parameter exchange functional along with the Leag¥Barr non local correlation functional (B3LYP)thwb-31G
(d, p) basis set is implemented in Gaussian 03rpmg@ackage[29—-31]. This approach is shown to yeldrable
geometries for a wide variety of systems. The feifgg quantum chemical parameters were evaluaten fiee
optimized molecular structure: the dipole moment (e energy of the highest occupied moleculaitarfE, ovo),

the energy of the lowest unoccupied molecular atiff, o), the energy band gapEgap = Fowo — B umo). the
electron affinity (A), the ionization potential @nd the number of transferred electrotnll)

According to Koopman’s theorem[32] the ionizatiootgntial (IE) and electron affinity (EA) of the iiitors are
calculated using the following equations.

IE = -Biomo (5)
AE = -Eymo (6)

Thus, the values of the electronegativity énd the chemical hardnesg &ccording to Pearson[33], operational and
approximate definitions can be evaluated usinddlewing relations:

IE + EA
= 7
> )

IE-EA
= 8
> (8)

The number of transferred electrondN] was also calculated depending on the quantummicia method[31], [34],
[35] by using the equation:

— XFe _/Yinh
AN = _AFe Ainh (9)
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 ofye
=7.0 eV mot* andng. = 0 eV mot", for calculating the number of electron transferre

RESULTS AND DISCUSSION

Polarization results

The potentiodynamic polarization curves for thednsteel in 1.0 M HCI solution in the absence angsence of
different concentrations @TZ at 303 K are shown inFig. 2. The corrosion paransesuch as corrosion potential
(Ecor), cathodic Tafel slopegs{) and corrosion current density,f) obtained from these curves are given in Table 1.
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Table 1. Polarization data of carbon steel in 1.0 NHCI without and with various concentrations of STZat 303 K

- Conc -Ecorr -pc lcorr n
Inhibitor " (mVISCE) (mVdec) @Acem?) (%)  ©
Blank 1.0 496 162 564.0 - -
5.10° 501 163 301 94.66 0.9466
17 1.10° 503 167 66.3  88.24 0.8824
5.10° 504 156 1284  77.23 0.7723
1.10° 494 168 1889 6651 0.6651
1001; - !
10] gere
s ~
o 14
g
= 3 —=— Blank
— 0.014 —~—510°
1.10°
1E-34 ——5.10*
1.10°
1E-4 ———— ———— ———— ——————
-800 -700 -600 -500 -400 -300 -200

E (MV/SCE)

Figure 2. Polarisation curves of carbon steel in @.M HCI for various concentrations of STZ at 303K

It is apparent in Fig. 2 that both anodic metakdistion of iron and cathodic hydrogen evolutiomves shifted
towards lower current density after the additionirdfibitor to 1.0 M HCI solution. The lower corrosi current
density (ior) values in the presence of inhibitor suggestirag the inhibitor molecule adsorbed on the surface o
mild steel, thereby blocking the corrosion reactemd increasing the inhibition efficiency[36]. Thalue of
cathodic Tafel slope slowly changed in the preseri¢he inhibitor as compared to the blank solutibhe presence
of inhibitor caused minor change in Ecorr valuethwespect to the Ecorr value in the absence adbitohn. It was
reported by various researchers that if the cham@eorr value in the presence of inhibitor witlspect to the Ecorr
value in the absence of inhibitor is more than 85, e inhibitor is recognized as an anodic or thadic type
inhibitor whereas if the change in Ecorr value @ssl than 85 mV, the inhibitor is recognized as ohikge
inhibitor[21, 22, 37]. A minor shift i, values toward the negative direction was obtainetie presence of the
inhibitor, indicating mixed nature of the inhibitor

Electrochemical impedance spectroscopy measurements

Nyquist plots of mild steel in 1.0 M HCl in the gence and absence of different concentratio®T@f at 303 K are
shown in Figure 3. All the Nyquist plots obtaine@re semicircle in nature and the diameter of thaicecles
increases with increasing the inhibitor concertratind shape is maintained throughout the testadectration,
indicating that almost no change in the corrosietianism occurs due to inhibitor action. The etettemical
parameters (8 Cy and IE%) in the presence and absence of inhibiterpresented in Table 2, These parameters
are calculated from the Nyquist plots by using Hwpiivalent circuit ( Fig. 4). The introduction ofPE into the
circuit was necessitated to explain the depressibthe capacitance semicircle, which correspondsudace
heterogeneity resulting from surface roughness,uiitips, and adsorption of inhibitor. The impedarafethis
element is frequency-dependent and can be caldulaiaeg the following equation:

— i 10
Zers = Qe 0

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 & gauthe heterogeneity or roughness of the surfélse double
layer capacitance values{Cs evaluated from constant phase element CPEBE)Y@nd a charge transfer resistance
value (Rct), using the following relation:
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Ca=VQRI™ (11)

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

Inspection of Table 2 reveals that Rct value insegarominently while g value tend to reduce with the increase in
concentration of inhibitor.
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Figure 3. Nyquist diagrams for carbon steel in 1.0 HCI containing different concentrations of STZ at303 K

The increase in Rct value is attributed to the fation of a protective film at the metal/solutionérface[24, 38,
39]. The G value decreases on increasing the concentratiotheofinhibitor, indicating the decrease in local
dielectric constant and/or to an increase in thekitess of the electrical double layer, suggestivag the inhibitor
molecules are adsorbed at the metal/solution axtef26, 27, 40].

Table 2. Impedance parameters for corrosion of cann steel in 1.0 M HCI in the absence and presencedifferent concentrations of

STZat 303 K
L Conc Ru Qx10° Ca M2 (S}
Inhibitor " ooy 0 (@ Qem?)  WFem?d) (%)
Blank - 2035 001 17610 91.63 - -
510° 5885 08  0.1978 649 9501 0.9501
o, L10° 2714 082 03756 1372 8918 08918
510 1391 082 08743 3321 7890 0.789
110° 849 089 10978 6159 6543 0.6543
Rs CPE
A% »
M rd

Ret

Figure 4. Equivalent electrical circuit correspondig to the corrosion process on the carbon steel rydrochloric acid

Weight loss tests

The variation of corrosion rate (CR) with inhibitooncentration is listed in Table 3, and preseimdeigure 5. It is
observed that the inhibitor showed maximum inhisitefficiency (>93%) at their optimum concentrati@n10°).

The excellent inhibition efficiency may be attribdtto larger coverage of metal surface with inbibinolecule.
The corrosion rate decreases as the concentrédtiahibitor increases.
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Table 3. Corrosion parameters obtained from weightoss measurements for carbon steel in 1.0 M HCI ctaining various concentration
of STZ at 303 K

L Concentration Cr Nw
Inhibitor (M) (mg cri2hY) (%)
Blank - 1.135 - -
5.10° 0.071 93.75 0.9375
STZ 1.10° 0.144 87.34 0.8734
5.10* 0.242 78.63 0.7863
1.10° 0.348 69.29 0.6929
1 v 1 v 1 v 1
95+ ° -0.35
® 3
90- \ / -0.30
- @, i
@)
S 85 _ . F0.25
‘; J | —e— Efficiency [ 3
o | | —e— Corrosion rate -0.20 @
c 80 o
QL) * 3
© N L0.15 ™
= 754 =
L N
1 -0.10
70 .
-0.05
65 T v T v 1 v 1
5.10-3 1.10-3 5.10-4 1.10-4
C M)
Figure 5. Relationship between the corrosion ratehe inhibition efficiency and STZ concentrations fo steel after 6 h immersion in 1.0 M
HCl at 303 K

Effect of temperature

In order to study the effect of temperature onittiebition efficiency of STZ, polarization potentiodynamic were
carried out in the temperature range 303-333 Khénabsence and in the presence of optimum comtiemtrof
inhibitor. The polarization curves are illustraiad-ig. 9and the corrosion parameter values aeifft temperatures
are listed in Table 4. The results obtained frotaRzation curves show an increase in current dergid decrease
in IE% with increasing temperature. The effect of terapee on the corrosion current.f) can be used for
determines the activation parameters for dissalufioocess using the Arrhenius equation and tramsisitate
equation[15, 16,41]:

Lo =A- exp(—_ (12)

loor =1 €60 (E20) xR

corr
(13)

Where E is the activation corrosion energ¥l* is the enthalpyAS* is the entropy of activationT is the absolute
temperature in Kelvin, h is the Plank constants khie Avogadro number and R the molar gas constant.
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Figure 6. Arrhenius plots for mild steel in 1.0 M HCl and 1.0 M HCI + 5.10° M STZ
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Figure 7. Transition state plots for mild steel in1.0 M HCl and 1.0 M HCI + 5.10° MSTZ

The linear regression between Ig,{ and 1/T shown in Fig. 6 for uninhibited solutiand inhibited by optimum
concentration o5TZ, we allowed to deduct the activation energy inghesence and absenceS¥Z inhibitor and
the result is listed in Table 5. Calculated actoraenergies for the corrosion process in the atesand presence of
inhibitor is given in Table 5. A decrease in inkit efficiency with rise in temperature with angdws increase in
corrosion activation energy in the presence oftitbi compared to its absence is indicate that reoergy barrier
for the corrosion reaction in presence of the iitbibis attained. Thus the adsorbed inhibitor moles prevent
charge or mass transfer from the mild steel suff&eel4].
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Table 4. The influence of temperature on the eleatichemical parameters for carbon steel electrode imensed in 1.0 M HCl and 1.0 M
HCl +5.10° M STZ

Der Pharmacia Lettre, 2016, 8 (4):96-107

o Temp -Ecorr 'ﬁc | corr MNrafel
Inhibitor " (mvISCE)  (mVdec’) (mAcm?) (%)
303 496 1625 564 :
B 313 498 1545 773
an 323 492 176.0 1244
333 497 192.0 1650 ;
303 501 163 301 94.66
17 313 493 167 1225 8415
323 502 159 2776  77.63
333 496 164 4661 7175
1000-§
1004 - +/j
E A\+\ +//A
: K +\ +/%
~ 104 NN e
s ] N Z
< 1 iy //
IS 3 N\
= A/
0.14 % ——LOMHCI303K
] zt —+—1.0 MHCI 313 K
T ' 1.0 M HCI 323 K
0'01'§ A 1.0 M HCI 333 K
1 v 1 v 1 v
-800 -700 -600 -500 -400 -300 -200
E (MV/SCE)

Figure 8. Potentiodynamic polarisation curves of adon steel in 1.0 M HCI at different temperatures
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Figure 9. Potentiodynamic polarisation curves of adon steel in 1.0 M HCI in the presence of 5.10M STZ at different temperatures

Table 5. Corrosion kinetic parameters for mild stekin 1.0 M HCI in the presence and absence of 530 STZ

L Ea AHa AS, Ea-AHa
Inhibitor 4 3ymol)  (ka/mol) (3 mol-1 K-1)

Blank 3100  28.35 98.8 265

sTZ 7990  77.22 39.31 2.68
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The values oAH,andAS, evaluated from the slopAll/R) and the intercept of (In(R/Nh) A%/R)) of the plots of
In(leor/ T) against 1/T are listed in Table 5. The posithigns ofAH, reflect the endothermic nature of dissolution
process of the carbon steel suggesting that tlssotlition is slowedAS, Value is more positive in 1.0 M HCI
solution containingSTZ as an inhibitor than that make in the uninhibisetution. Some researches explained this
behavior by replacement process of water molecdilgisg adsorption of inhibitor molecules onto tHect&rode
surface[45—47]. The thermodynamic reaction betwherEa and\H,exposed in Table 5 is verified.

Adsorption considerations

It has been assumed that organic inhibitor molecelstablish their inhibition action via the adsmmptof the
inhibitor on to the metal surface. The adsorptioocpss of inhibitors are influenced by the chemsatalcture of
organic compounds, the nature and surface chargeeahetal, the distribution of charge in molecahel the type
of aggressive media. In general, two modes of gdi®or can be considered. The proceeding of physidabrption
requires the presence of electrically charged metaface and charged species in the bulk of thetisol
Chemisorption process involves charge sharing @rgeh transfer from the inhibitor molecules to thetah
surface[48-52]. The presence, with a transitionainkaving vacant low energy electron orbital, ofiahibitor
molecule having relatively loosely bound electrams hetero atoms with lone—pair electrons facilgathis
adsorption.

Adsorption isotherms are very important in deteimgnthe mechanism of organic electrochemical reasti The
most frequently used adsorption isotherms are LamgnTemkin and Frumkin and they were tested fag th
description of adsorption behavior of studied commts and was found that adsorption of inhibitonolid steel
surface in 1 M HCI solution obeys the Langmuir agtion isotherm given by the following equation[55}:

Ifinh 1 ;
— 3 C
0 K ™ (14)

whereKgsdesignate the equilibrium constant for the adsomgtrocess.

The proposed relation is plotted in Fig. 10. Friwa value oK,4s 0btained from the Langmuir adsorption isotherm,
£ I
the values of Gibb's free energy of adsorp'sj'thhds.-' eveaiculated and are given in Table 6[56], [57].

AGY, — —2.303RT log (55.5K) (15)

whereR is the universal gas constafitis the temperature and the value of 55.5 is tiie@atration of water in the
solution.

0.006+

- o STz
0005 | R%=0.9999

0.004+

0.003+

Cinh/@

0.002-
0.001+

0.000+

0.000 0.001 0.002 0.003 0.004 0.005
CinhM)

Figure 10. Langmuir adsorption of STZ on the carborsteel surface in 1.0 M HCI solution at 303K
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Table 6. Thermodynamic parameters for the adsorptio of STZ in 1.0 M HCI on the Carbon steel at 303K

Inhibitor  Slope Ki(M™) AG°aq(kJ/mol)
STZ 1.03 11400.43 -33.63

The high values oK,qs and negative values @G°,4s Suggest that inhibitor molecule are strongly ablsdronto
mild steel surface. ThAG°, Value obtained for the inhibitor is —33.63 kJ MolThis value indicate that the
adsorption process of the evaluated inhibitor om ithild steel surface may involve complex interawiqboth
physical and chemical adsorption)[15, 16].

Quantum chemical calculation

To investigate the influence of molecular structore corrosion inhibition capability of th8TZ, the quantum
chemical calculation were performed on the geowratyi optimizedSTZ molecule (Fig. 11). Various theoretical
parameters namely highest occupied molecular orbitargy Enomo), lowest unoccupied molecular orbital energy
(ELumo). dipole momenty) and the energy gapE (E umo — E+omo) Were calculated from geometrically optimized
neutral X molecule and used to explain their intBéom with mild steel surface. The highest occupiedlecular
orbitals and unoccupied molecular orbitals are alsited the frontier orbitals. The energy of fremtimolecular
orbital is a very important parameter that deteasireactivity of a molecule with other chemical@es. Since the
Enowmo IS an outer most orbital (containing electron)oagsted with highest energy and acts as electroomdeenter.
The E_ymo is the inner most orbital having lowest energy &iad capability to accept the electrons. Moreover,
Enomo is an electron reach center, it is associated thithionization potential anH, v is an electron deficient
center, it is associated with electron affinity[68} The pictorial presentation domo and E ymo for STZ
molecule is shown in Fig 11. Generally, the highalue ofEsomo Shows that a molecule has strong tendency to
donate electrons to corresponding low energy ematiecular orbitals of the acceptor molecule. Thedovalue of

E, umo indicates that the molecule can easily acceptreles from the donor molecules[23-25].

Optimized molecular structure LUMO

HOMO

Figure 11.The optimized molecular structure and fratier molecular orbital density distributions of STZ

The calculated molecular parameters are given ibleT®. It is well studied that smaller values aE
(ELumo — Enomo) and higher value of dipole momep) @re responsible for enhance corrosion inhibigéficiency.
The inspection of the Table 6 reveals tBaZ has high value oE,omo and lowest value oAE which is obvious
from its highest inhibition efficiency[20,62]. Frothe theoretical parameters listed in Table 6s ialso clear that
STZhas high dipole moment) which indicates that it has strongest tendencgdsorb on mild steel surface[16],
[19]. These conclusions are in good agreement thighinhibition efficiency of the inhibitor obtaindtbom weight
loss, electrochemical investigations.

Table6. Quantum chemical parameters for STZ calculeed using DFT/B3LYP/6-31G (d,p)

Molecular parameters SFEMT

Enomo (eV) -6.16093307
ELumo (eV) -0.92464337
AEgq (€V) 5.2362897
u (debye) 6.4536
I (eV) 6.16093307
A (eV) 0.92464337
1 (eV) 3.54278822
n (eV) 2.61814485
w 16.4306241
AN 0.66024074
TE (a.u) -1459.6
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CONCLUSION

The weight loss and electrochemical measurementhiest indicate that th&TZ is good corrosion inhibitor for
mild steel in 1 M HCI. The adsorption of t83Z molecule on mild steel surface was responsibléHercorrosion
inhibition and their adsorption on mild steel sodawas according to the Langmuir adsorption isothefFhe
potentiodynamic polarization study reveals t8a% suppressed the cathodic and anodic reactions emal/bs like
mixed type inhibitor. The value &G,;s suggests that the adsorption®FfZ on mild steel surface evolves both
physical (physisorption) and chemical (chemisormgtimteractions. The weight loss, electrochemical aurface
studies were well supported by quantum chemicaludation study.
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