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ABSTRACT

The inhibiting effect of some thiophene derivatived M HCI on the corrosion of carbon steel wasdstd by
weight loss, potentiodynamic polarization, elechremical frequency modulation, (EFM) and electrocioain
impedance spectroscopy (EIS) techniques .The effédetmperature on the corrosion rate was invesédaby the
weight loss method and some thermodynamic paraméieicorrosion and adsorption processes were deitezd
and discussed. The results show that the inhib#ificiency increased with increase in inhibitomcentration and
decreases with raising temperature. The adsorptibrihiophene derivatives on the carbon steel serfabeys
Langmuir adsorption isotherm. The obtained resifigicated that the investigated compounds are phlyi
adsorbed on the carbon steel surface. Potentiodymgnlarization studies showed that these compolards
mixed-type inhibitors and the results obtained fithin different techniques are in good agreement.

Keywords: Corrosion inhibition, carbon steel, HCI, thiophetezivatives

INTRODUCTION

Acid solutions are widely used in industry, withpartant fields of application including acid piatdj of iron and
steel, chemical cleaning and processing, ore ptamu@nd oil well acidification. Among acidic medithe
hydrochloric acid used in the pickling of metalse tacidification of oil wells and the cleaning alakes is more
economical, efficient and straight forward compatedther mineral acids [1].The use of inhibitossone of the
most practical methods for protection against o and prevention of unexpected metal dissoluéind acid
consumption, especially in acid solutions.

Different organic and inorganic compounds have lstadied as inhibitors to protect metals from csive attack.
The efficiency of these organic corrosion inhibét@ related to the presence of polar functionk BitO or N atoms
in the molecule, heterocyclic compounds anelectrons [2]. Such compounds can adsorb ontortiial surface
and block the active surface sites, thus redudiegcorrosion rate. Although many synthetic compgusttow good
anticorrosive activity, most of them are highly itoxo both human beings and the environment [3}l toey are
often expensive and non-biodegradable. Hetero-atmsrsulfur, nitrogen and oxygen as well as aronratgs in

their structure are the major adsorption centecsneSsworks have studied the influence of organic mmumds

containing nitrogen on the corrosion resistanceste€l in acidic media [4-16]. Most organic inhilbgcacting by
adsorption on the metal surface. To be effectimenhibitor must be also displace water from theaatsesurface, to
block active corrosion sites and interact with Hredic or cathodic reaction sites to retard thelatidon and/or
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reduction of corrosion reaction. So, the inhibitiefficiency of organic compounds depends on thectire of the
inhibitor, the characteristics of the environmestt,....

Several organic compounds have been evaluatedrasion inhibitors for carbon steel in acidic media, the aim

of this work is to study the inhibiting effect abrae thiophene derivatives for the corrosion of oarbteel in 1 M
HCI. The main techniques were employed chemical alattrochemical techniques. These techniques were
performed in 1 M HCI without and with different amntrations of the investigated thiophene compounds

MATERIALS AND METHODS

2.1. Materials

Rectangular specimens with dimensions 2 x 2 x l2o€ carbon steel with chemical composition (weigbit C
0.20, Mn 0.35, P 0.024, Si 0.003 and Fe is the rést electrochemical tests, the exposed surfeeze & metal was
1 cnf. Thiophene derivatives were purchased from Aldictd used without further purifications i.e. used a
received (Table 1). Hydrochloric acid (37%), etlatohol and acetone were BDH grades and purchased f
Algomhoria Co. (Egypt). Bidistilled water was uded preparing test solutions for all measurements.

2.2. Methods

2.2.1. Weight loss measurements

Carbon steel specimens were mechanically abradetd 4200 grades emery paper and degreased witbraset
rinsed with bidistilled water and finally dried keten filter papers. After weighting accurately, gpecimens were
immersed in 100 ml of 1 M HCI with and without @ifent concentrations of thiophene derivatives. rAdiéferent
immersion time (30, 60, 90,120,150 and180 min)déon steel samples were taken out, washed wdiktitlied
water, dried and weighted accurately. The experimmerere done triplicate and the average value efatbight loss
was taken. The average weight loss of the threallphrcarbon steel sheets could be obtained atinestju
temperature. The inhibition efficiency (%IE) ane tthegree of surface coverag@g ¢f the investigated inhibitors on
the corrosion of carbon steel were calculated bewWe [17]:

%IE =0 x 100 = [(W — W)/ W,] x 100 D
where W and W are the values of the average weight lofiseimbsence and presence of the inhibitor, reispéct

Table 1. Molecular structures, names, molecular wghts and molecular formulas of thiophene derivative

Inh. | Structures and names Mol. weights, Mol. formulas|
S O
‘ 128.15
/ C\/5H4OZS
TC OH

2-thiophene carboxylic acid

H,N

\

S NH

W,

2-thiophene carboxylic acid hydrazide

142.00

TCH CsHgNOS
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2.3.2 Potentiodynamic polarization measurements

Polarization experiments were carried out in a emtional three-electrode cell with platinum gaugete auxiliary
electrode and a saturated calomel electrode (SG&)Ied to a fine Luggin capillary as reference tetmte. The
working electrode was in the form of a square ooitnf C-steel sheet of equal composition embeddegaxy resin

of polytetrafluoroethylene so that the flat surfacea was 1 cfnPrior to each measurement, the electrode surface
was pretreated in the same manner as the weight drperiments. Before measurements, the electrade w
immersed in solution for 30 min. until a steadytestaas reached. The potential was started fron®-t66- 400 mV

vs open circuit potential ¢&). All experiments were carried out in freshly paiegd solutions at 25°C and results
were always repeated at least three times to divecteproducibility.

2.3.3 Electrochemical impedance spectroscopy (El&surements

Impedance measurements were carried out using @ulsi of 5 mV peak to peak amplitude at the opetuiti
potential in the frequency range of 100 kHz to BA. All impedance data were fitted to appropriatgiealent
circuit using the Gamry Echem Analyst software.

2.3.4 Electrochemical frequency modulation (EFMpmgements

EFM experiments were performed with applying pdsrgerturbation signal with amplitude 10 mV withd sine
waves of 2 and 5 Hz. The choice for the frequenafesand 5Hz was based on three arguments [18T2@]larger
peaks were used to calculate the corrosion cudensity (io), the Tafel slopesp¢ andpa) and the causality
factors CF-2 and CF-3[21].

All electrochemical experiments were carried ounhgsGamry instrument PCI300/4 Potentiostat/Galvéattiara
analyzer, DC105 corrosion software, EIS300 eletieotical impedance spectroscopy software, EFM140
electrochemical frequency modulation software aoten Analyst 5.5 for results plotting, graphingtaditting

and calculating.

RESULTS AND DISCUSSION

3.1. Weight-loss measurements

Weight-loss of carbon steel was determined, atousritime intervals, in the absence and presenddiffefent
concentrations of thiophene derivatives (compourids:and TCH). The obtained weight-loss time curaes
represented in Figure 1 for inhibitor TCH, the meéective one. Similar curves were obtained fdreotcompound
(not shown). The inhibition efficiency of these qmmands was found to be dependent on the inhibitor
concentration. The curves obtained in the presehi#ibitors fall significantly below that of fregcid. In all cases,
the increase in the inhibitor concentration wasoaqmanied by a decrease in weight-loss, increassudfice
coverage and an increase in the % inhibition. Thesealts lead to the conclusion that these compoane fairly
efficient as inhibitors for carbon steel dissolatio hydrochloric acid solution. In order to get@mparative view,
the variation of the % IE of the two inhibitors tvitheir molar concentrations was calculated. THaesobtained
are summarized in Table 2. Careful inspection ekéhresults showed that, at the same inhibitoresaration, the
order of inhibition efficiencies is as follows: HC TC.
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Figure 1. Weight loss-time curves for the corrosiof carbon steel in 1 M HCI in the absence and presce of different concentrations of
inhibitor TCH at 25°C
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Table 2. Values of inhibition efficiencies (%IE) anl surface coverage€) for the corrosion of carbon steel in absence angresence of
different concentrations of inhibitors from weight-loss measurements at 25°C

Cinx10° M TC TCH
%IE|] © %IE] ©
57.¢ | 0.57¢ | 70.1 | 0.701
66.€ | 0.66¢ | 76.2 | 0.76:
72.8 | 0.728] 79.5 | 0.795
77.2 ] 0.772] 83.8 | 0.838
80.9 | 0.809| 86.7 | 0.867
84.7 | 0.847] 90.0 | 0.900

OIN[O|W|F-

[y
[N

3.1.1. Adsorption isotherms

One of the most convenient ways of expressing @tisorquantitatively is by deriving the adsorptisnotherm that
characterizes the metal/inhibitor/ environment exys{22]. The basic information on the interacticgtvieen the
inhibitor and the metal surface can be providedheyadsorption isotherm, and the type of the itbibion metal is
influenced by: (i) the nature and charge of theangt) chemical structure of the inhibitor andi)(ithe type of
electrolyte [23]. The values of the degree of stefaoveraget were evaluated at different concentrations of the
inhibitors in 1 M HCI solution. Attempts were matte fit (8) values to various adsorption isotherms. Various
adsorption isotherms were applied toffivalues, but the best fit was found to obey Langradsorption isotherm
which are represented in Figure 2 for inhibitor@38C, Langmuir adsorption isotherm may be exprebye

(6/1-6) = KygsC (2

where Cis the concentration (mol) of the inhibitor in the bulk electrolyté is the degree of surface coverage,

and Kysis the adsorption equilibrium constant. A plot 6/1-©) versus Cshould give straight lines with slope
equals tK 45 The experimental data give good curves fittingtfar applied adsorption isotherm as the correlation
coefficients (R) were in the range (0.991- 0.968). The valuesiobt are given in Table 3.

Table 3. Adsorption parameters for inhibitors in 1M HCI obtained from Langmuir adsorption isotherm at different temperatures

Temp.,| KagsX10®| -AG'ags | -“AH'ags | -ASags 2
Comp K M |k moll [kd molt|J mol k| T
298 40.2 36.0 0.974
303 34.3 36.3 0.997
308 28.0 36.4 0.999
TC 313 23.6 36.8| 21.1 50.0 0.994
318 15.9 37.0 0.981
298 42.6 36.4 0.974
303 34.6 36.5 0.984
308 30.8 36.7 0.960
TCH| 313 28.0 37.0| 226 46.0 0.99(
318 19.5 36.3 0.953

These results confirm the assumption that, thesgoands are adsorbed on the metal surface thraweglomne pair
of electrons of (N, S, O) atoms. The extent of lition is directly related to the performance ofagption layer
which is a sensitive function of the molecular stawe. The equilibrium constant of adsorptiogd6btained from
the slope of Langmuir adsorption isotherm is reldatethe free energy of adsorptias® ,4sas follows:

Kags= 1/55.5 exp AG%RT) (3)

55.5 is the molar concentration of water in theigoh in M*
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Figure 3. Curve fitting of corrosion data for carbon steel in 1M HClin presence of different concentrations of investated compounds to
the Langmuir adsorption isotherm at 25C
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Figure 4. Variation of AG%qgs versus T for the adsorption of inhibitors on carbonsteel surface in 1 M HCI at different temperatures

Plot of (AG®,9 versus T(Figure 4) gave the heat of adsorptiai{,s) and the standard entrop¥F’aq9d according
to the thermodynamic basic equation 4:

AG g5 = AH%gs- T AS s 4)

Table (4) clearly shows a good dependenca®t,ys on T, indicating the good correlation among thedgmamic
parameters. The negative value AB°,4 ensures the spontaneity of the adsorption proasdsstability of the
adsorbed layer on the steel surface. GenerallyegabfAG,qs around -20 kJ mdior lower are consistent with the
electrostatic interaction between the charged nubdscand the charged metal (physisorption);thosearat -40 kJ
mol™ or higher involves charge sharing or transfer fanganic molecules to the metal surface to forro@rdinate
type of bond (chemisorption)[24].The calculata®’,s values are closer to -40 kJ moindicating that the
adsorption mechanism of the inhibitors on C-steelli M HCI solutions was typical of physisorptiondan
chemisorption. The unshared electron pairs in sulphitrogen as well as in oxygen may interact witarbitals of
iron to provide a protective chemisorbed film [25he values of thermodynamic parameter for the radiem of
inhibitors (Table 4) can provide valuable infornoatiabout the mechanism of corrosion inhibition. M/han
endothermic adsorption processHC,4s > 0) is attributed unequivocally to chemisorptif#6], an exothermic
adsorption proces®\H%gs< 0) may involve either physisorption or chemisianp or mixture of both processes. As,
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the absolute values @fH°, obtained in this study was lower than (40 kJ Hpthis indicative of physisorption
[27]. In the presented case, the negative valuesHof,s indicates that these inhibitors may be adsorbagipally
and chemically on C-steel surface. Th8’,4s values in the presence of inhibitors in 1 M HG: aegative. This
indicates that decrease in disorder takes placg®img from reactants to the metal-adsorbed reactionpleX28].

3.1.2. Effect of temperature

The effect of temperature on the corrosion ratecafbon steel in 1 M HCI and in presence of differen
concentrations of inhibitors was studied in thepenature range of 298—-318K using weight loss measents. As
indicated from Table 4, the rate of carbon stesalution increases as the temperature increasesf bbower rate
than in uninhibited solutions, this indicated tlla¢ raising of temperature led to the reductiorth&f inhibitor
adsorption and then the acceleration of dissolufiwacess [29], which proves that the adsorptionthafse
compounds on the surface of carbon steel occunsighrphysical adsorption. Similar tables was olat@ifor other
inhibitor (not shown). lvanof{80] considers the increase of % \th increasing the temperature as the change in
the nature of the adsorption mode; the inhibitorb&ing physically adsorbed at lower temperaturelilew
chemisorption is favored as temperature incre&igslar observations were reported by other autf3irsS33].

Table 4. Values of inhibition efficiencies % IE, ceerage factor (El) and corrosion rate (C.R.) of inhibitor TCH for the corrosion of
carbon steel in 1 M HCI from weight-loss measuremes at different concentrations at temperatures

Conc.x | 298 303 308 313 318

10°M o %IE | CR. o %IE | CR. o %IE | C.R [S) %IE | C.R. o %IE | CR.
1 0.701| 70.1| 0.020 0.67p 670 0.0B1 0.579 5Y.9 90/08.535| 53.5| 0.093 0.36p 36.p 0.1y8
3 0.76z | 76.z | 0.01¢ | 0.737 | 73.1 | 0.02¢ | 0.63¢ | 63.€ | 0.057 | 0.58C | 58.C | 0.08« | 0.437 | 43.7 | 0.15¢
5 0.795| 795| 0.013 0.786 786 0.0,0 0.474 674 60,04.634| 634| 0.073 0.498 498 0.142
7 0.838| 83.8| 0.011 0811 811 0.018 0.741 741 60,08.713| 71.3| 0.058 0.55p 55.p 0.1P5
9 0.867| 86.7| 0.009 0.83% 834 0.016 0476 7y.6 10/08.742| 74.2| 0.052 0.60f 60.fy 0.111
11 0.900] 90.0] 0.007 0886 88p 0.011 0.825 8p.5 250/00.809] 80.9] 0.03 0.676 676 0.0p2

3.1.3. Kinetic —thermodynamic corrosion parameter
The activation parameters for the corrosion progem® calculated from Arrhenius-type plot accordiogquation
5:

Keorr = A exp —E4/RT (5)

whereE; is the apparent activation corrosion energys Bhe universal gas constant, T is the absolutgégature

and Ais the Arrhenius pre-exponential constant. Valueapparent activation energy of corrosids] for carbon

steel in 1 M HCI without and with various concetittas of compound TCH are shown in Table 5. Theslees
were determined from the slope of log.(R versus 1/Tplots (Figure 5). The results of Table 5 showeat the
value of (E,) for inhibited solution is higher than that forimhibited solution, suggesting that dissolutiorcafbon
steel is slow in the presence of the inhibitorss lknown from Arrhenius equation that the higher) values lead
to the lower corrosion rate, this is due to therfation of a film on the carbon steel surface sgnas an energy
barrier for the carbon steel corrosion [34]. Schridl Huand35] found that organic molecules inhibit both the
anodic and cathodic partial reactions on the aeddetisurface and a parallel reaction takes pladbenovered area,
but the reaction rate on the covered area is soffiety less than on the uncovered area similahéopresent study.
The alternative formulation of transition state &tijpn is shown in EqQ. 6:

K,.rr = (RT/Nh)exp(AS*/R)exp(—AH*/RT) 6)

corr

where k. is the rate of metal dissolution,isPlanck’s constant, N is Avogadro’s numb& * is the entropy of

activation andhAH* is the enthalpy of activation. Figure 7 shows @t pif (log k../T) against (1/T) in the case of

inhibitor TCH in 1 M HCI. Similar behavior is obsed in the case of inhibitor TC (not shown). Sthaitines are
obtained with a slopes equal #H /2.303R) and intercepts are [log (R/NS$ /2.303R)]are calculated (Table 5).
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Table 5. Kinetic activation parameters for carbon geel in 1 M HCI in the absence and presence of déffent concentrations of investigated

inhibitors
. AH, -AS,
Comp | Conc., x 10V kJ mot* | kJ mol* | J mol*K™
Blank 0.0 24.9 53.6 90.2
1 30.1 69.3 44.1
3 31.0 71.0 38.5
5 32.1 715 36.3
TC 7 32.2 73.7 32.7
9 34.8 75.8 27.1
11 34.9 79.9 15.1
1 33.1 81.1 55
3 35.3 86.3 10.1
5 36.2 88.2 15.1
TCH 7 38.9 89.0 15.3
9 39.5 90.5 19.1
11 40.6 91.6 20.6
HW blank
0.5 ® 1x10°M
-0.6 A 3x10°Mm
-0.7 v 5x10°M
-0.8 7 < 7x10°Mm
-0.9] -
j > 9x10°M
. -1.0 b 5
1] & 11x10°M
E 124
o -1.3 4
& 1.4
o .15
E— -1.6
é -1.7 4 v
< 1.8 ]
o 191 :
-2.04 <
214
2.2
234
T T T T T T T T T T T 1
3.10 3.15 3.20 3.25 3.30 3.35 3.40

1000/T,k™

Figure 6. Log keorr VS. 1/T curves for Arrhenius plots for carbon stekcorrosion rates (korr.) after 120 minutes of immersion in 1M HCl in
the absence and presence of various concentratiooinhibitor TCH

The positive signs of the enthalpiesH)) reflect the endothermic nature of the steel diggm process. The
entropy of activation in presence and absenceeoirthibitor was large and negative. This impliest tihe activated
complex in the rate determining step representscéson rather than dissociation, indicating thatlecrease in
disorder takes place, going from reactant to thiwated complex [36].
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Figure 7. Log (kor/T) vs. (1/T) curves for Arrhenius plots for carbonsteel corrosion rates (k) after120 minutes of immersionin 1 M
HCI in the absence and presence of various conceations of inhibitor TCH

3.1. Electrochemical frequency modulation (EFM) sweaments

EFM is a nondestructive corrosion measurement tqaknthat can directly and quickly determine ther@sion
current values without prior knowledge of Tafelpgs, and with only a small polarizing signal. Thadeantages of
EFM technique make it an ideal candidate for ontiagosion monitoring [37]. The great strength of #FM is the
causality factors which serve as an internal ctackhe validity of EFM measurement. The causabtstdrs CF-2
and CF-3 are calculated from the frequency spectointhe current responses. Figure 8 shows the EFM
Intermodulation spectra (current vs frequency) abon steel in 1 M HCI solution with and without £11.0° M
concentrations of compound TCH. Similar curves wa&ined for other concentrations and compound(fia®
shown). The harmonic and intermodulation peak<k@rly visible and are much larger than the bamlkgd noise.
The two large peaks, with amplitude of about 209 are the response to the 40 and 100 mHz (2 ahtt)5
excitation frequencies. It is important to notetthetween the peaks there is nearly no currenbresp(<100 nA).
The experimental EFM data were treated using tviferdint models: complete diffusion control of thatlmdic
reaction and the “activation” model. For the Iatgeset of three non-linear equations had beeredphssuming that
the corrosion potential does not change due t@tharization of the working electrode [38].The largeaks were
used to calculate the corrosion current density)(ithe Tafel slopes3{ andp,) and the causality factors CF-2 and
CF-3. These electrochemical parameters were lint@dble 6. The data presented obviously show thataddition
of any one of tested compounds at a given cond@niréo the acidic solution decreases the corrosiorrent
density, indicating that these compounds inhib# tlorrosion of carbon steel in 1 M HCI through agson. The
causality factors obtained under different expentakconditions are approximately equal to the tatcal values
(2 and 3) indicating that the measured data ardiectrand of good quality. The inhibition efficicies % Iy
increase by increasing the inhibitor concentratimmd was calculated as from Eq. 8:

%IEgem = [1-(iconfi’cor)] X100 (8)

where P, and io are corrosion current densities in the absence pmadence of inhibitor, respectively. The
inhibition sufficiency obtained from this methodimsthe order: TCH > TC
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Figure 8. EFM spectra for carbon steel in 1 M HCIn the absence and presence of different concentratis of compound TCH

Table 6. Electrochemical kinetic parameters obtaing by EFM technique for carbon steel in the absencand presence of various
concentrations of inhibitors in 1M HCl at 25°C

Comp | Conc.. | 2| B Ba CR
X10°M |icor, HACTT mvdec! | mvdec? CF-2| CF-3 mpy 0 % IE
Blank 0.0 831.2 154 121 206 3.89 380.0 - -
1 350.3 160 130 1.8 171 160,11 0.579 66666666 6HEHH666666666666666666657.9
3 346.1 144 114 189 3.7p 1581 0.584 5B.4
5 343.¢ 12¢ 10z 215 | 2.92 | 156.¢ 0.58i 58.7
TC 7 298.9 137 128 1.7 3.26 136|6 0.640 64.0
9 212.4 113 109 234 371 97.05 0.744 4.4
11 185.0 136 123 134 1.01 84.54 0.777 7.7
1 342.0 71 64 122 116 1563 0.589 58.9
3 337.0 73 55 1.32 132 154/0 0.595 59.5
5 322.( 43 36 1.6C | 1.9z | 147.1 0.61¢ 61.3
TCH 7 229.2 25 23 1.79 298 104{7 0.724 72.4
9 1654 93 90 169 334 756 0.801 80.1
11 113.9 102 95 1.7 141 5201 0.863 86.3

3.2 Electrochemical impedance spectroscopy (Ei€&surements

It is powerful technique for studying the corrosioBurface properties, electrode kinetics and mestian
information can be obtained from impedance diagrg88s43]. Figure 9 shows the Nyquist plots obtaia¢adpen-
circuit potential both in the absence and presearidacreasing concentrations of investigated TCR2BC. The
increase in the size of the capacitive loop with addition of investigated compounds shows thatrady gradually
forms on the carbon steel surface. The increas¢hén capacitive loop size enhances at a fixed itdvibi
concentration, following the order; TCH > TC, canfing the highest inhibitive influence of compoufR@H. The
Nyquist plots do not yield perfect semicircles aperted from the theory of EIS. The deviation fradeal
semicircle was generally attributed to the freqyedispersion [44] as well as to the inhomogenitiEthe surface.
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Figure 9. The Nyquist plots for the corrosion of cebon steel in 1M HCl in the absence and presence different concentrations of
inhibitor TCH at 25°C
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—r—2—
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Figure 10. Equivalent circuit model used to fit exprimental EIS

EIS spectra of the investigated compounds wereyaedlusing the equivalent circuit, Figure 10, whiepresents a
single charge transfer reaction and fits well wailr experimental results. The constant phase elen@®E, is

introduced in the circuit instead of a pure doublger capacitor to give a more accurate fit [45¢Tdouble layer
capacitance, & for a circuit including a CPE parameter,@hd n) were calculated from Eq. 9 [46] :

Ca = Yoo sin [n /2)] ()]

whereY; is the magnitude of the CPh, = 2nfna fmax IS the frequency at which the imaginary comporadrthe
impedance is maximal and the factor n is an adjestparameter that usually lies between 0.5 and After
analyzing the shape of the Nyquist plots, it is ddoded that the curves approximated by a singleactipe
semicircles, showing that the corrosion process mamly charged-transfer controlled [47,48] .Thexg@l shape
of the curves is very similar for all samples (iregence or absence of inhibitors at different insioer times)
indicating that no change in the corrosion mechafi] From the impedance data (Table 7), we conduitiat
the value of Rincreases with increasing the concentration ofrthibitors and this indicates an increase in %dE
which in concord with the EFM results obtainedfdnt the presence of inhibitors enhances the vall i, in acidic
solution. Values of double layer capacitance as® ddrought down to the maximum extent in the presesf
inhibitor and the decrease in the values of CPBia the order similar to that obtained fgyiin this study. The
decrease in CPE/{Cresults from a decrease in local dielectric camstand/or an increase in the thickness of the
double layer, suggesting that organic derivativeshit the iron corrosion by adsorption at metatiab0] .The
inhibition efficiency was calculated from the chatgansfer resistance data from equation 10:

% IEgis = [1 ~(R% Re] x100 0f1
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where R, and R; are the charge-transfer resistance values witheditvith inhibitor respectively.

Table 7. Electrochemical kinetic parameters obtaing from EIS technique for carbon steel in 1M HCI inthe absence and presence of
different concentrations of investigated compounds

Comp | Conc., x| Rs, Y°, Ret, Ca,

10M | Qen? |potdem?| Qcnf |pFem? 0 %IE
Blank 0.0 0.811 1250.8 0.844 2104 6312 |- --
1 1.082 1198.0 0.758 77.48 5543 0.728 7p.8
3 1.060 1052.0 0.776 8432 5236 0.750 7b.0
5 1.01% 968.¢ 0.77¢ | 95.37 | 491.€ | 0.78C | 78.C
TC 7 1.102 836.5 0.783 103.80 4248 0.797 70.7
9 1.145 730.9 0.773 12370 3619 0.830 8B.0
11 1.323 611.0 0781 17010 3236 0.d76 876
1 0.807 399.0 0.832 83.00 200[0 0.747 747
3 0.795 348.8 0.819 9534 1643 0.779 77.9
5 1.422 320.0 0.788 10540 1287 0.801 8.1
TCH 7 1.725 210.4 0.861 11510 1154 0.817 81.7
9 1.459 180.6 0.856 14250 975 0852 8b.2
11 1.406 175.8 0.755 20650 60j0 0.898 80.8
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Figure 11. Potentiodynamic polarization curvesfor the dissolution of C- steelin 1 M HCI inthe absence and presence of
different concentrations of compound TCH at 25C

3.3 Potentiodynamic polarization measurements

Figure (11) shows the potentiodynamic polarizationves of carbon steel dissolution in 1 M HCI i tabsence
and presence of different concentrations of inbibtCH at 25°C. Similar curves were obtained fdreotinhibitor
(not shown). The numerical values of the variatidrthe corrosion current density.4j), the corrosion potential
(Ecor), Tafel slopesff, andp),), the degree of surface covera@d and the inhibition efficiency were recorded in
Table 8. The inhibition efficiency and degree offace coverage were calculated using equation 11:

%lEp =0x 100 = [(Pcorr_icorr) / iOcorr] x100 (11)

where P, and i, are the uninhibited and inhibited corrosion curmensities, respectively. The results of Table 8
indicate that:
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1. The cathodic and anodic curves obtained exmgdiel-type behavior. Addition of thiophene derivas increased
both the cathodic and anodic overvoltage and itdibbth the hydrogen evolution and the anodic disism
processes i.e. mixed type inhibitors.

2. The corrosion current densityf) decreases with increasing the concentration efttiophene derivatives
which indicates that these compounds act as imhgitand the degree of inhibition depends on theeatration
and type of inhibitors present.

3. The slopes of anodic and cathodic Tafel lifig0dp.)), were slightly changed on increasing the corregion
of the tested compounds. This indicates that tisibitors act as mixed-type inhibitors. Tafel linare parallel,
which indicates that there is no change of the rmeisim of inhibition in the presence and absendsluobitors.

4. The orders of inhibition efficiency of inhibitoat different concentrations as given by polaiizaineasurements
are in good agreement with those obtained from ktdigss measurement, FEM and EIS techniques

Table 8 Corrosion potential (Ecorr), corrosion current density (ior), Tafel slopes Bc,Ba), and degree of surface coverag®), and inhibition
efficiency (% IE;) of carbon steel in 1M HCI at 25°C for investigatd compounds

—ECOI'h iCOI’I’, C a C'R-!

Comp | Conc.x 10 M mVvs SCE| pA cm? mVBdeCl mVBdeCl mpy o % B
blank 0 453 972 200 129 4443 | ----- | ------
1 547 190 102 884 86.8 | 0.805| 80.5

3 584 141 89 617 64.4 | 0.855| 85.5

5 542 121 101 152 55.3 | 0.876| 87.6

7 536 117 128 123 53.4 | 0.880| 88.0

TC 9 53€ 10€ 114 13€ 49.5 | 0.88¢ | 88.C
11 531 86.1 105 145 39.3 | 0.911] 91.1

1 538 99.2 109 130 453 | 0.898 | 89.8

3 506 90.4 122 104 41.3 | 0.907 | 90.7

TCH 5 473 55 130 85 25.1 | 0.943| 94.3
7 50€ 51.7 11¢ 96 23.4 |1 0.947 | 94.7

9 50& 46.2 11€ 94 21.z | 0.952 | 95.2

11 382 22.1 124 33 10.1 | 0.977| 97.7

3.4. Mechanism of corrosion inhibition

Inhibition efficiency of carbon steel corrosion inM HCI solution by thiophene derivatives using thigove
techniques was found to depend on the number afrpiiisn active sites in the molecule and their gbadensity,
molecular size and stability of these derivativesatidic solutions [51]. Generally, the heterogerseorganic
compounds having higher basicity and electron dgisi the hetero atoms such as N, O, and S, hanetey to
resist corrosion. Nitrogen and oxygen are the aatenters for the process of adsorption on thelrsettace. These
compounds can adsorb on the metal surface, blaxladtive sites on the surface and thereby redwecedirosion
attack. The efficiency of these compounds as camoshibitors can be attributed to the number afite electron
pair present, the p orbital character of free ebexst and the electron density around nitrogen ayden atoms [52].
The compounds containing both nitrogen and sulamr provide efficient inhibition, compared with cooymds
containing only nitrogen or sulfur [53]. The catiororganic inhibitors in the presence of the clderions show
synergistic effect in the inhibition of corrosidhgse compounds are not good inhibitors in plaifuga acid media
as a result of strong adsorption of sulfate ionshenmetal surface [54]. The inhibition effect bése compounds is
attributed to the adsorption of the inhibitor malles on the metal surface. The adsorption is assumtake place
mainly through the nitrogen, oxygen and sulphumetdn thiophene derivatives (active centers). Thiemo of
inhibition efficiency of investigated compoundsais follows: TCH > TC. From the above sequence dE%it is
clear that the compound TCH is more efficient iftiibfor corrosion of tin in 1 M HCI solution. This most
probably due to, the presence of 2N, O, S adsormémters. Compound TC comes after compound TCWI,
because it contains 20, S atoms as adsorptionrsente

CONCLUSION

From the results of the study the following maycbeacluded:

All the investigated compounds are good corrosiohibitors for carbon steel in 1 M HCI solution. The
effectiveness of these inhibitors depends on thieirctures. The variation in inhibitive efficiendgpends on the
type and the nature of the substituent preserteénirthibitor molecule. Reasonably good agreemeist aserved
between the values obtained by the weight loss edactrochemical measurements. The order of % |Ehe$e
investigated compounds is in the following order:>BA. Results obtained from potentiodynamic polatiian
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indicated that the investigated compounds are rriype inhibitors. Percentage inhibition efficienaf/thiophene
derivatives was temperature dependent and itsiaddéd to an increase of the activation energ\e figsults of EIS
revealed that an increase in the charge transfistaeace and a decrease in double layer capacitahea the
inhibitor is added and hence an increase in % Its TS attributed to increase of the thicknesshef ¢lectrical
double layer. The adsorption of thiophene derivgtionto steel surface follows the Langmuir adsompisotherm
model (physisorption). EFM can be used as a rapdl rmondestructive technique for corrosion measungésne
without prior knowledge of Tafel slopes.
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