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Abstract

The electrochemical behavior of austenitic stainless steel (AlSI 316) was studied in an acid medium that contains chloride ions in absenc
and presence of some thiophene derivatives. The corrosion rate as well as pit growth of the steel was inhibited variably with each of the
sulfur-containing compound present in the corroding medium. The thiophene derivatives studied were 2-acetyl thiophene (AcT), 2-thiophene
carboxylic acid (TCA), 3-thiophene carboxyaldehyde (TCAL) and 2-thiophene carboxylic hydrazide (TCH). Electrochemical techniques
such as potentiodynamic polarization, Tafel experiments, polarization resistance and electrochemical impedance spectroscopy were used
investigate the electrochemical behavior of the steel. The results showed distinct effects for the different thiophene derivatives used tha
depended on the molecular structure and the electron density of the sulfur atom of the thiophene ring. The order of inhibition efficiency
was TCH > TCA > TCAL > AcT. It was also concluded that the inhibitors studied were of the mixed type. This conclusion was realized
by comparing the change in the values of the anodic and cathodic Tafel slopes. Inhibition efficiencies of ca. 97% were achieved using thes
inhibitors in 0.5 M BHSO,.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction sion rate of “reactive” metals and alloys can be suppressed to
a great extent by modification of the metal surface by organic
Stainless steels have technological and economic impor-molecules or polymers.
tance[1]. They are iron alloys containing a minimum of In this respect, organic inhibitors are well known to af-
approximately 11% chromium. This amount of chromium fect the rate of metallic corrosion by decreasing the rate
prevents the formation of rust in “unpolluted” atmospheric of either or both the anodic metal dissolution and the ca-
environmentg2]. Nowadays, there are more than 190 dif- thodic oxygen reductiofd]. The inhibition mechanism is
ferent kinds of alloys that can be recognized as belonging to generally affected by the chemical changes occurring to the
the stainless steel family. Stainless steels are used in a widenhibitor and changes to the electrolytic medium. The gen-
variety of services in which primary considerations are long eral possible scenarios are: (i) partial or (ii) full dissolution
service life (in a given environmental condition), reliability, of the inhibitor, or (iii) its adsorption at the metal surface.
appearance and sanitary factors. Recent interest is the use dfor example, hydrazinium reduces the oxygen activity and
these materials in the medical figR]. Moreover, the corro-  adsorb at the metal/electrolyte interface. The adsorption of
hydrazinium at the metal/electrolyte interface leads to the
* Corresponding author. Tel.: +20 2 782 5266; fax: +20 2568 5799.  €nhhancement of passive film formation as in the case of ben-
E-mail addressgalalahl@yahoo.com (A. Galal). zotriazol adsorption at the copper surface and benzoates on
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iron surface$5]. On the other hand, monomolecular adsorp- o 0

tion layers of inhibitors, known as interfacial inhibitd&j, / \ I / \ H

prevent the dissolution of the substrate and the reduction of \3 C—N—NH, \s C—OH

oxygen by changing the potential drop across the interface H

and/or the reaction mechanism thereafter. 2-thiophene carboxylic 2-thiophene carb oxylic
The inhibition characteristics of some inhibitors during hydrazide (TCH) acid (TCA)

acid corrosion have been reported earfierl4]. The pro- solid solid

tection efficiency was attributed mainly to the presence of a | mp. 136-139 °C m.p. 127-130°C

polar atom or more such as nitrogen, sulfur and oxygen in| fpr, ig;:g;gg o ig;:g;‘u‘g

the inhibiting molecule. N, S, and O atoms act as active cen-

ters for adsorption of the organic molecule onto the metallic
surfaces. The inhibiting effect of molybdate and chromate
ions on the pitting corrosion of AISI 304 and 316 steels were
studied in acid medium and the results presented show thai
these known inhibitors affect both the nucleation of pitting

BN

and metastable pitting by reducing the numbers and sizes of s C—CHs;
these eventd 5]. Several organic compounds were evaluated
as inhibitors for the corrosion of AISI 304 stainless steel in 2-acetyl thiophene (AcT)
acid medi_un{16—191 . . solid

MaraW|'et al.[20], as yvell as other$21], |nvest|gate'd bp. 86-87°C/20 mm.Hg m.p. 10-11°C
the formation of polymeric conductive layers over “active” | gensity 128 giml g?’_‘& ig;’:‘%‘c
metallic substrates. In this study, an interaction was found g?’_‘:; ig;";;’%’c '
between the sulfur atom of the repeat unit forming the poly- !

mer layer of the thiophene-based structure and the steel sub-

strate. This interaction was the base that led to the full nu-

cleation of the polymer over the substrate surface. There is

almost no mention in the literature of the electrochemistry of thiophene carboxaldhyde (TCAL), and 2-acetyl thiophene

thiophene-based molecules at stainless steels surfaces. MordACT) were purchased from Aldrich (Wisconsin, USA) and

over, the electrochemical behavior and inhibiting effect of 3- Were used as received. The structure and some properties of

methylthiophene was not previously mentioned in the litera- the inhibitors used in this study are showrFiig. 1

ture. The empty electronic bands of the solid substrate, pre-  Testsolutions were prepared from stock and diluted using

dominantly iron in this case, overlap with pair of electrons of de-ionized water supply. Water was first distilled and then de-

the adsorbed molecules namely. The electron transfer procesénized using a Millipore water purification system. Different

between the molecule and the substrate is characteristic folconcentrations of the inhibitor were prepared by dilution of

transition metals having vacant low-energy d-electron orbital. the 0.1 M stock solution of the inhibitor, and then diluted by
The aim of the present work was to investigate the elec- the test solution (k5Q, in presence or absence of chloride

trochemical behavior of stainless steel of type AISI 316 in 10nS) to the appropriate concentration (between®* and

acid medium containing chloride in presence and absencel x 1072 M). Itis important to mention that TCA, TCAL and

of some thiophene derivatives. Also, to correlate the inhibi- ACT were dissolved in 1% ethanolf8C, when preparing

tion efficiency of the inhibitors studied to their geometrical their respective stock solutions.

structures and nature of substituent in the hetero-ring, and to

determine the morphological changes of the surface before2.2. Electrode mounting and electrochemical cell

and after treatment in the corroding medium.

Fig. 1. Structure and some properties of the thiophene derivatives.

The steel specimens were in the form of rods. The speci-
mens were prepared and mounted according to the following

2. Experimental details steps. The stainless steel rods were cut in the dimensions
of 20 mm long and 6 mm diameter. The specimen was then
2.1. Materials and preparations grooved and threaded for electrical contact and connection.

A copperrod 120 mm long and 3.5 mm diameter was used for
AISI 316 stainless steel was used in this study, with the establishing the electrical contact. The whole assembly was
following chemical composition (in wt.%): 16.9 Cr, 10.9 Ni, inserted in a glass tube 100 mm long and 8 mm i.d. Epoxy
75 Si, 1.24 Mn, 0.025 N, 0.027 S, 0.20 Cu, 2.11 Mo, 0.053 resin (TorfM Seal, from Varian, MI, USA) was used to en-
C, Fe (balance). Stainless steel samples were purchased frorsure the exposure of a determined apparent surface area of
Goodfellow (Huntingdon, England). 0.283 cnt. The electrode surface was polished mechanically
Sulfuric acid, sodium chloride, 2-thiophene carboxylic using metallurgical papers of successive grades (120, 600
hydrazide (TCH), 2-thiophene carboxylic acid (TCA), 3- and 120Qum), further surface polishing using alumina paste
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0.3pm dispersed on a soft cloth paper was pursued until
a scratch-free surface is obtained. The electrode was rinsed
with distilled water, degreased in ethanol and was thoroughly
rinsed with de-ionized water.

Athree-electrode one-compartment glass cell, with a satu-
rated Ag/AgClreference electrode and a platinum sheet (2 cm
x 2.cm) counter electrode was used for all the electrochem-
ical measurements.

2.3. Electrochemical equipments and measurements

A Gamry PC3/750 potentiostat/galvanostat/ZRA system
(Gamry Inc., USA) was used for potential-controlled po-
larization measurements. This system was interfaced to a
personal computer to control the experiments were con-
trolled and the data were analyzed using a Gamry frame-
work/analysis software. Potentiodynamic polarization mea-
surements were carried out on the stainless steel electrode
in 0.5M HyS(Qy in presence and absence of each inhibitor.
Tafel plots and polarization resistance measurements were
conducted after the electrode potential reaches a steady-state
value of£2 mV that usually takes ca. 15 min after immersion
in the test solution. Potentiodynamic polarization, Tafel, and
polarization resistance measurements conditions are as fol-
lows:Ej = —1.0V,E; = +1.5V (versu eferencgd, SCan rate =
5mVs 1l E = —250mV,E; = +250 mV (versugkcorr), scan
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Fig. 2. Potentiodynamic polarization experiments of AlSI 316 stainless steel

rate = 1mVs?l; andE = —20mV, E; = +20mV (versus in 1.0 M H,SOy at 25°C in absence (a) and presence (b) of TCH.

Ecor), SCan rate = 0.1 mVg, respectively. Electrochemical
impedance spectroscopy (EIS) experiments were performed
on stainless steel samples in presence and absence of in-
hibitor at constant applied potential. The experimental con-
ditions were as follows: frequency range between 0.020Hz
and 5.0 kHz, two constant applied potential values were used
(ca.—100 and +200 mV versu.orr) and a small alternating
current (AC) perturbation signal of 10 mV was superimposed
to the direct current (DC) signal. Data analysis and interpre-
tation were treated according to the methods described earlier
in the literature[22,23] All electrochemical measurements
were performed at room temperature (ca420.2°C).

3. Results and discussion
3.1. Potentiodynamic behavior

This part of the present work investigates the electro-
chemical behavior of stainless steel electrode in the ab-
sence/presence of different concentrations of the above thio-
phene compounds in acidic and chloride-containing acidic
solutions. Potentiodynamic polarization experiments of AlSI
316 stainless steel in 1.0 M230, at 25°C in absence (a)
and presence (b) of TCH is shownkilg. 2 The following
observations could be withdrawn from the data:

e The general shape of the potentiodynamic curve in the ab-
sence and presence of the inhibitor is comparable. How-
ever, the linear parts of anodic and cathodic Tafel regions

appeared extended over wider current range in the pres-
ence of the inhibitor when compared to that in the absence
of the inhibitor.

The calculated corrosion potenti&tsor, in the case of the
curve (b) in presence of the inhibitori299.2 mV with an
associated corrosion curreir, of 7.37x 10 °Acm 2.

The corresponding values in the absence of the inhibitor
are—1.0mV and 1.385 10-3 Acm~2, respectively. The
comparison of the values B andicorrindicated that the
addition of 1.0x 10~2M TCH resulted in the shift of the
corrosion potential to a negative value and an appreciable
decrease in the corrosion current density, ca. two orders of
magnitudes.

The comparison of the values of the anodic and cathodic
Tafel constants8a, B¢, resulted in distinct values of 153.7
and 145.0 mV decadé and 46.4 and 86.0 mV decadein
absence and presence of the inhibitor, respectively. Thus, it
is concluded that the inhibitor appeared to be of the mixed
type. On one hand, the rate of hydrogen evolution is

2H" + 26 — 2H — Hay

is altered by the adsorbed layer thus formed due to the
presence of the organic inhibitor. On the other hand, the
tendency of these thiophene-based molecules to adsorb at
the electrode surface limit the diffusion of oxygen to the
surface and trap the metal ions on the surface that results
in reducing the rate of dissolution and helps in producing
a passive film in the anodic part of the potentiodynamic
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curve[24]. Moreover, a dissolution/precipitation mecha-
nism cannot be excluded as tfig value approaches the
theoretical value, ca. 40 mV decadesuggested by Bock-

ris and Drasi¢25].

The potentiodynamic curve was characterized by the ap-
pearance of a well-defined anodic peak that appeared at
+108.1 mV, which corresponds to an anodic peak current
of 6.21x 10-3 Acm~2 in absence of the inhibitor. On the
other hand, the corresponding values in presence of TCH
are—200.5mV and 7.8« 10~3 Acm™2, respectively.

The anodic peak in both curves was followed by a slight
increase in the current value and finally an almost constant
value. In spite of the increase in current, oxygen evolu-
tion was not noticed by the naked eye as the potential ex-
ceeded the value of 1.0V versus Ag/AgCI. Thereafter, an
ill-defined peak is observed in the active—passive region.
The polarization resistance values, calculated from the
potentiodynamic curve were 2.340 10! and 1.777x

107 Q cn? for the non-inhibited solution and the inhibited
one, respectively. The corresponding calculated corrosion
rates are 1.28% 10° and 6.755x 10 MPY (milli-inch

per year = 0.00219 mA cnif), respectively, that resulted

in lowering of ca. 94.7% in the rate of corrosion of the
inhibited stainless steel in the 1.0 Mp80, solution.
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Fig. 3. Potentiodynamic polarization experiments of stainless steelin 0.01 M

NaCl/0.1 M H,SO4 at 25°C in absence (a) and presence (b) of2.00~2 M

TCH.

Sodium chloride with concentration of 0.01 M was added

to the acidic solution to form a concentration ratio of
H2SOy/NaCl of 10/1. The following treatment of the results

is based on comparing the results obtained from the poten-
tiodynamic experiments of the stainless steel in presence and
absence of 1.& 10~2 M TCH. Thus, potentiodynamic polar-
ization experiments of stainless steel in 0.01 M NaCl/0.1 M
H2SOy at 25°C in absence (a) and presence (b) of .0
10-2M TCH are shown irFig. 3. The following observa-
tions could be withdrawn from the data:

The general shape of the potentiodynamic curves in the
absence and presence of the inhibitor are comparable to
those obtained ifrig. 2 for stainless steel tested in 1.0M ®
H>SOy.

The linear anodic and cathodic Tafel regions are apparently
the same as shownkig. 3aand b, respectively. The anodic
and cathodic parts of the Tafel region in presence of TCH
showed, however, extended linear region when compared
to the non-inhibited solution.

The calculated corrosion potentideor, in the case of
the curve b in presence of the inhibitor s375.3 mV
with an associated corrosion currendg, of 2.820 x

in the corrosion current density is still noticed with an ap-
preciable decrease by ca. 1 decade. The later resulted in a
noticeable decrease in the corrosion rate from 189.56 to
25.85 MPY and an inhibition efficiency of 86.4%. The rel-
ative decrease in the protection efficiency in this case when
compared to the aforementioned values for the inhibitor in
the pure acidic medium, could be explained in terms of
the initiation of pitting nucleation in the anodic part of the
polarization curve and the possible adsorption hindrance
suffered by the TCH in presence of solvated chloride ions.
Actually, visual examination of the electrode surface after
the polarization experiment revealed observable pits.
Tafel slopesB; and B, for the cathodic and anodic pro-
cesses exhibited lower values upon the addition of TCH,
namely, 83.4/65.7 mV decadgin presence as compared
to 119.5/82.0 mV decadé in absence of inhibitor. The
values are relatively lower than those cited in the literature
for stainless steel of type AISI 3044].

3.3. Effect of varying the inhibitor concentration

The effect of varying the concentration of the inhibitor

10~° Acm—2. The corresponding values in the absence of with fixed concentration of sulfuric acid, ca. 0.5M, on the

the inhibitor are—332.1mV and 2.068 10~*Acm2,
respectively. The comparison of the valueskf, and

corrosion of the AlISI 316 steel was examined in this section
for two thiophene derivatives. The data for these experiments

icorr indicated that the addition of TCH resulted in a “ca- are summarized in tables in presence/absence of TCAL and
thodic” shift in the corrosion potential values as compared AcT atroomtemperature (2%), respectively. The following

to the study made in 1.0 M4$0,. Moreover, a decrease

observations could be withdrawn when comparing the data:



42 A. Galal et al. / Materials Chemistry and Physics 89 (2005) 38—48

e The potentiodynamic curves (not shown) exhibited distinct [26]:
features when changing the type of inhibitor used. Thus, BaB
as the concentration of TCAL increases in the medium — = —°
the corrosion potentialcqr, shifted to relatively more Ai 2.3(icom)(Pabc)
cathodic values. On the other hand, the corrosion potentialwhere AE/Ai is the slope of the polarization resistance plot
remained basically constant in the case of using AcT. (AE expressed in V andi expressed imA). The values of

e Ananodic peakis observed immediately after the extendedthe Tafel constants are determined from the Tafel plgt;
anodic Tafel line for which the corresponding peak cur- beingthe corrosion currentjpA. Rearranging Eq3)yields:
rent and peak potential values changed upon changing the Baf Ai
concentration of the inhibitor. In general, the peak current icorr = __ra =
values shifted to lower values and that of the peak poten- 2.3icorrfabec AE
tial values shifted to relatively more positive values. These Therefore, the corrosion current can be related directly to the
effects were more pronounced in the case of using TCAL. corrosion rater() by the following equation:

e The inhibition efficiency increased as the concentration 0.13icon(EW)

. i . . . corr
of the inhibitor increases. This is clearly shown when ex- r (MPY) = (5)
amining the values of the polarization resistariRg,and d
the corresponding corrosion rates calculated as shown inEW is the equivalent weight of the corroding spectéthe
Table a and b, respectively. However, the inhibition effi- density of the corroding species aggh the corrosion current

3)

(4)

ciency for TCAL is higher than that of AcT. density. The inhibition efficiencyp] is given by the following
e Again, it is important to notice that unexpectedly the val- relation:

ues of the Tafel constantg{ andgc), namely the anodic icorr(un) — icorr(inh)

slopes, are relatively lower than those cited in the literature P = [Tr(un)} x 100 (6)

[14]. Moreover, the addition of the inhibitor to the medium . ) )
changed both values gf,andc. This indicates thatthese  icorr(un) @dicorr(inn) are the measured corrosion currents in
two inhibitors are also of the mixed types as mentioned absence and presence of inhibitor, respectively.

earlier in this section. ) ) ] )
) ) ) ) ) 3.4. Effect of varying the concentration of sulfuric acid
The potentiodynamic anodic plot is practically useful to g, the efficiency of inhibition

determine important information such as: (i) the ability of the

material to spontaneously passivate in the particular medium,  pojarization data for inhibited and uninhibited stainless
(ii) the potential region over which the specimen remains pas- stee| 316 in 0.1, 0.5, and 1.0 M sulfuric acid solutions are
sive, and (iii) the corrosion rate in the passive region. Anodic gjyen in Table 2 Anodic and cathodic Tafel slopes were re-

and cathodic Tafel slopes are used to calculate the corrosioryorted earlier in the rangty/fc = 121/87.5-169/10627,28]

rate using the linear polarization method according to: A noticeable difference is clearly observed in this study that
i indicates a change in the mechanism of inhibition for the thio-
n= plog— ) phene derivatives when compared to those investigated pre-

i X . . . . :
corr viously. As mentioned in preceding section, the thiophene

wheren is the overvoltage, or the difference between the gerivatives (TCAL and AcT) appeared to act as mixed in-

potential of the specimen and the corrosion potengiahe hibitors. This observation was again proved when comparing
Tafel constant (slope) arigorr the current at overvoltage the values of the anodic and cathodic Tafel constahi$¢)
Rearranging Eq(1) gives in the case of applying TCH (cfTable 2. The values in

) different concentrations of $#80, ca. 0.1, 0.5, and 1.0M

= B(logi — logi
n = B(logi Qicor) are: 58/106, 55/88, and 145/154 mV decatjén absence of

A plot of 5 versus log is a straight line with slopg8. As TCH. The corresponding values in presence ofd 102 M
could be noticed from Edq2), whenn = 0 (atEcorr), l0gi/icorr TCH are 89/77, 39/7, and 86/46 mV decadgrespectively.
=0, ificorr = 1, andi = icorr. The anodic and cathodic Tafel Two observations are worthwhile mentioning: First, the

constants are used to calculate the corrosion rate from polarvalues of the cathodic Tafel constagt, calculated for in-
ization measurement data according to the following equation hibited solutions are smaller than those obtained for the unin-

Table 1
Electrochemical parameters for stainless steel 316 in 0.58Q4 in absence and presence of 3-thiophene carboxaldehyde (TCAL)/2-acetyl thiophene (AcT)
Inhibitor (mol ") E (mV) Bc (MVdecade?) Ba (MVdecade?) R, (10 Qcm?) leor (L0°*Acm=2)  Corrosion rate (MPY)
EOC Ecor
0 —328/-328 —348/-348 88/88 55/55 1.64/1.64 0.90/0.90 .BB2.5
5x 104 —362/-371 —354/-355 113/76 31/56 3.95/4.34 0.27/0.32 229.7

1x 1072 —378/-382 —364/-373 79/71 100/77 27.0/19.8 0.058/0.080 .5/7.4
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Table 2
Electrochemical parameters for stainless steel type 316 in different concentratioy@f i absence and presence of %102 M 2-thiophene carboxylic
hydrazide (TCH)

Electrolyte (molt?1) E (mV) Bc (mVdecadel) B, (mVdecade!) R, (107Qcn?) leor (L004Acm™2)  Corrosion rate (MPY)
EOC ECOr

0.1M H,SOy —352 —349 106 58 57 036 332

0.1M H,SOy +1002M TCH —394 —404 77 89 539 0033 231

0.5M H, SOy —328 —348 88 55 164 090 825

0.5M H,SOy +1002M TCH —315 —-329 79 39 32 0.059 340

1.0M HSOy -16 —-10 154 145 ®34 14 1280

1.0M H,SO4 +102M TCH —309 —299 46 86 177 074 683

hibited ones in all HSOy concentrations studied. Onthe other 3.5. Effect of the molecular structure on the efficiency of
hand, with the exception for 0.5 M4$0y, the values of the thiophene inhibitors

anodic Tafel constang,, showed an opposite trend. Second,

the polarization resistance values calculated from the poten- The relationship between the structure of the inhibitor
tiodynamic curve were 4.56/5.39 107, 1.64/32.4x 107, molecule and its inhibiting efficiency has been the subject
0.234/1.78x 107 Q cm~2 for the uninhibited/inhibited solu-  of several investigation8,31-33] However, much less at-
tions with different concentrations ofJd30;,, respectively. tention has been paid to the dependence of the inhibition
The corresponding calculated corrosion rates are 33.16/3.07 gfficiency on the size and electronic distribution in the in-
82.54/3.40, and 1283/68.26 MPY, respectively. Again, a re- hibitor molecule at the stainless steel surfaces. In this part
duction of up to about 94.7% in the rate of corrosion of the of the present investigation, we will attempt to answer the
inhibited stainless steel in the 1.0 8O, is, therefore, ob- following questions:

served when compared to the non-inhibited one. The corro-
sion rate observed in the more concentrated solution was,
however, relatively higher than those found in the less con-
gzgteregf g Sa &dv;?gugignﬁgn?;iﬁ)?lg? OV_VS i/l ’O:zssvrf\]/iiﬂ ![r;];he (b) Whatis the relation between the structure of the inhibitor

: - ; : molecules studied and their inhibition efficiencies?
stainless steel surface exhibited a peculiar trend. Thus, in the . . S

o . : .~ “(c) Whatis the effect of changing the inhibitor on the mech-
uninhibited solution, the electrode did not show a passive . .

) : anism of corrosion?

peak current when compared to the electrode examined in
the 0.1 and 1.0 M solutions, respectively. However, the pres-  Energy minimization was used in order to display the
ence of the inhibitor led to the formation of a passive peak compounds in three-dimensional format; moreover, the
in all concentrations. At this stage the value of corrosion rate electronic-density distribution profiles for these compounds
in presence of TCH in 0.5 M $804 cannot be compared to  were calculated using a “Gaussian’98” softwg34.
the uninhibited solution. This concentration of sulfuric acid, Polarization resistance curves for the steel electrode in
ca. 0.5 M, is critical to the formation of the passive layer that sulfuric acid in absence/presence of TCA and AcT, with dif-
appeared to be destabilized at the surf2&g. ferent concentrations are showrHig. 4a and b, respectively.

Examination of the surface of the stainless steel electrode The corresponding electrochemical parameters for all the in-
after exposure to different concentrations of sulfuric acid so- hibitors using the polarization resistance measurements are
lutions (0.1, 0.5 and 1.0 M) did not show eye-detectable pit- given in Table 3 The data listed show that the inhibition
ting. However, the solution became reddish-brown in color efficiencies of different thiophene derivatives are still pro-
after the polarization experiment. A detailed description of nounced even at relatively low concentrations of the inhibitor
the surface morphology of the electrode will be given in a used. However, the values of the inhibition efficiency increase
separate pap¢80]. with increasing concentration of sulfuric acid and as the con-

(a) What is the effect of changing the functional group in
the side chain of the thiophene derivative on the percent
inhibition efficiency?

Table 3
Electrochemical parameters for stainless steel of type 316 in 0.5 M sulfuric acid solutions in absence and presence of different concenttztpheioé 2-
carboxylic acid (TCA)/2-acetyl thiophene (AcT)

Inhibitor E (mV) Bc (MV decade?) Ba (MV decade?) Ry (107 2 cn?) leorr (10~*Acm—2) Corrosion
mol =2 rate (MPY
( ) Ee Ecor (MPY)
0 —328/-328 —348/-348 88/88 55/55 1.64/1.64 0.90/0.90 B/B2.5

5x 10°* —396/-371 —414/-355 82/76 54/56 2.33/4.34 0.21/0.32 P29.7
1x10°3 —382/-392 —406/—369 81/94 47149 3.41/7.22 0.13/0.19 .6/17.8
5x 1073 —404/-391 —418/-354 84/109 60/53 1.65/3.55 0.92/0.13 .68/10.4

1x 1072 —385/-382 —397/-373 78/71 56/77 6.89/19.4 0.62/0.080 7TH7.39
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Fig. 4. Polarization resistance curves for the steel electrode in sulfuric acid in absence/presence of TCA (a) and AcT (b), with differenticoscentrat

centration of the inhibitor increases. The values of the anodic of TCA that reached a limiting value at the concentration of
and cathodic Tafel constantgg(and ¢), generally showed 1.0 x 10-3M, and started to increase as the concentration
the same trend observed with TCH for the inhibitors studied. of TCA reached 1.0x 10-2M. The values of the anodic
These values generally decrease upon addition of inhibitor Tafel constant decreased from a value of 88.9 mV dechade
and start to increase again in the case of AcT, showing irreg- for the uninhibited solution to a value 8f50.0 mV decade!
ularity after a critical concentration of the inhibitor is reached at higher concentrations of TCA. The corresponding values
(ca. 1.0x 103 M) [35]. It is recognized that the inhibitors  of the cathodic Tafel constant showed a change in value from
that shift the entire current—potential curves towards more 120.1 to around 88.0 mV decade

negative (cathodic) values are cathodic-type inhibitors while ~ Corrosion rate calculations revealed that at the concentra-
those that shift the curves in the anodic direction are anodic-tion of 1.0 x 103M TCA, the minimal corrosion rate as
type inhibitord36]. On the other hand, mixed-type inhibitors well as maximum polarization resistance is achieved. This
cause a shiftin the cathodic Tafel lines towards more negativeinteresting observation could be explained on the basis that
values and the current—potential curves near the free corro-a critical concentration of TCA is reached in the solution
sion potential towards less cathodic potentials. In this respect,that caused optimal inhibition efficiency for a particular con-
the polarization results, namely for TCAL, TCH, and AcT, centration of the acid (cFig. 5. Similar observations were
showed a shift of the entire potential—current curves towards cited earlier in the literature for other sulfur-containing com-
more cathodic values upon addition of the inhibitor &ferr poundg37]. Above the optimal concentration, TCA eventu-
values inTables 1-3 Moreover, the values of the anodic and ally reduces rather than increases the inhibition efficiency. It
cathodic Tafel constants decrease in the case of TCA andwas mentioned earlier that at low concentrations of sulfur-
showed irregular values for AcT. ExaminationTable 3re- containing inhibitors, the surface coverage of the adsorbed
vealed that the polarization resistance increased dramaticallymolecules is too low to result in an efficient coverage to pre-
upon the addition of the inhibitor and resulted in an increase vent corrosion of stainless st¢&l]. Moreover, some authors

in the slope of the polarization resistance curve upon increas-[38,39] attributed this phenomenon to the hydrolysis of the
ing the concentration of the inhibitor in solution (&fig. 4a sulfur compounds to produce corrosion-promoting species,
and b). An inhibition efficiency of 99.3% was reached when such as HS and $~. Hydrolysis is only acceptable to take
using a concentration of 1:010-2 M of TCH. Itis important place in fairly concentrated solutions where the equilibrium
to notice that a decreaseiig,r was observed upon addition constant of the protonated species of these compounds has to
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the above factors and molecular structure consideration could
be as follows: the structure of the four thiophene derivatives
posses a common part of the structure that is the thiophene
moiety attached the €0 group. However, substitution in
TCAL is at the 3-position when compared to the other in-
hibitors. The lone pairs on the two nitrogen atoms of TCH
are delocalized and consequently will cause the structure to
be stabilized. The stabilization energy resulted in the case
of TCH in enhancing the surface coverage over the stain-
less steel through sulfur atoms anchoring around which the
electron density is increas¢@B,39] Therefore, the surface
coverage in this case is expected to increase and results in
an increase of the corrosion inhibition efficiency. A similar
argument could be put forward in the case of TCA at rela-
tively low concentrations. However, as the concentration of
TCA increases in solution the local acidity at the surface of
stainless steel increases. This later effect results in two com-
petitive events, the firstis inhibition through surface coverage
and the second is enhancement to the dissolution (corrosion)
at the initial stage of the anodic Tafel portion as indicated in
the current—potential curve. The results indicated that TCAL
exhibited a regular increase in the inhibition efficiency that
reached a stable value at the higher concentration. The lev-
eling in the inhibition efficiency could be explained by the
formation of a thin polymeric layer at the surface of the stain-

less steel due to the polymerization of TCAMO]. On the
other hand, AcT exhibited the lowest inhibition efficiency.
This could be explained in terms of the presence of the methyl

group that affects the stability of the thiophene ring compared
be taken into account. Another likely mechanism for the ob- tg the other derivatives.

served results at this particular concentration of the inhibitor
could be explained on the basis of increasing the acidity of so- 3.6. Electrochemical impedance spectroscopy
lution via the carboxylic functionality of the inhibitor above
avalue of 1.0x 103 M. Thus, exceeding this concentration
of TCA results in two opposing effects, the firstis increasing

Fig. 5. Percentage inhibition efficiencies of thiophene derivatives with dif-
ferent concentrations for stainless steel in 0.5 5By

measurements

o - . , The corrosion behavior of stainless steel 316, in acidic so-
the inhibition efficiency and the second being the increase o jn the presence of TCA and AcT with different concen-

n t_he total acidity of the solution (cFig. 5)'_ P_olarlzanon trations was investigated by the electrochemical impedance
resistance measurements data clearly exh!blted an expeCteépectroscopy measurements at room temperature. The locus
trend of increase in the slope of the potential-current curve of Nyquist plots is regarded as one part of a semicircle. The

\1/_V|tfhl|ncrease n tr}[e co?cEntrau?n O,I Fhle '”h'tb'“l’f adclifed: equivalent circuit model employed for this system is as pre-
afel measurements (not shown) for stainless steel in su urICviously reported in the literatur23] and shown irFig. 6.

acid in absence and presence of different concentrations OfNyquist plots of stainless steel 316 in inhibited and unin-

AcT m_dllcated, a shift in the anodic direction for the entire hibited acidic solutions containing various concentrations of
potI(:antla —hcurrgnt cu(jryes. . dthe d howFid TCAL and AcT are shown iffrig. 7a and b. As could be no-
rom the above discussion and the data showfign5 ticed the impedance diagrams obtained are not perfect semi-

the factors influencing the inhibition efficiency can be sum- circles, and this could be attributed to frequency dispersion
marized as follows:

(i) The order of stability of the thiophene derivatives in x|
solution and consequently their tendency to adsorb at 1 il
. R.E Rs Rt W.E.
the stainless steel surface. — -
(i) The position of the substitution on the ring. p—
(i) The r;umb_er and nature of the substituent (degree of —{:|,
functionality). Cdl

Thus, the order of inhibition efficiency was TCH > TCAL
= TCA > AcT. The explanation of this order in reference to

Fig. 6. Equivalent circuit used in the modeling of the electrochemical
impedance spectroscopy data.
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Fig. 7. Nyquist diagrams for stainless steel 316 in 0.5 M5By with different concentrations of TCA (a) and AcT (b).

as indicated earligd1]. The charge transfer resistanég, increases as the concentration of the inhibitor increases for
values could be calculated from the difference in impedance the two inhibitors studied. Also, the double layer capacitance
at lower and higher frequencies. To obtain the double layer (Cy) decreases with increase in the concentration of the in-
capacitance(y), the frequency at which the imaginary com- hibitor. This decrease is due to adsorption of inhibitor on the
ponent of the impedance is maximuml{nag max) is found metal surface causing a change of the double layer structure

andCy values could be calculated from the equafiéf: as indicated earligd2]. When comparing the inhibition effi-
1 ciencies obtained from testing methods used in this study, it
f(=Imag max)= SR @) can be concluded that there is a fair agreement between our
difict

results and the results obtained by other techniques. Again,
It could be noticed from the data &fig. 7a and b that the it could be noticed that TCA showed a higher inhibition ef-
impedance semicircle size depends on the type and concenficiency when compared to AcT for the concentrations stud-
tration of the inhibitor used. The presence of the semicircle ied. In summary, all electrochemical techniques used in this
in the impedance diagrams indicated that the corrosion of study showed a comparable trend in the inhibition efficiency.
stainless steel 316 is controlled by a charge transfer processThe formation of a stable film through chemical/physical ad-
Table 4shows the impedance parameters obtained by line sorption on the steel surface is responsible for the observed
fitting to the semicircle. The charge transfer resistafge ( corrosion inhibition of the thiophene derivatives studied. Itis
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Table 4

AC impedance data for stainless steel of type 316 in 0.5J8®4 in presence and absence of 2-thiophene carboxylic acid (TCA) and 2-acetyl thiophene (AcT)
Electrolyte (molt1) R (102 Qcm?) 1R (102Q 1cnP) Cql (WF) p

0TCA 031 3.20 62.3 -

5x 104 TCA 0.68 1.47 54.7 54.1

1x 102 TCA 22 0.0460 45.0 85.6

0 AcT 031 3.20 62.3 -

5x 1074 AcT 0.53 1.89 41.3 40.9

1x 102 AcT 1.0 0.98 18.6 69.4
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culated from the measurements as indicatethinle 4using 593. . _
the following relatior{42]: [3] K.J. Bundy, Crit. Rev. Biomed. Eng. 22 (1994) 139.
[4] G. Schmitt, Br. Corros. J. 9 (1984) 165.
Rl gl [5] B.A. Miksic, Magy. Kem. Lapja 46 (1991) 401.
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