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Reinforcing steel corrosion behavior in the presence of 2—(thiophen—3—yl)ethanamine (3ET) and
2—(thiophen—2—yl)ethanamine (2ET) was studied using Electrochemical impedance spectroscopy.
Both pit growth and corrosion of steel were inhibited with either compound present in the corroding
medium. (EIS) measurements permitted the investigation of concentration, immersion time and the
applied potential effects. Inhibition efficiencies up to ca. 86.22% and ca. 86.51% were achieved in the
presence of 5x10°M (2ET) and (3ET), respectively.
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1. INTRODUCTION

Steel is regarded, world widely, as one of the most important materials that is used in almost
each and every aspect of human life. This ranges from constructions and transport manufacturing
industry, to protective footwear and electronic appliances and from giant aircrafts to fine surgical tools.
As a consequence, a drastic number of steel grades exist worldwide, having various chemical
structures and formulae and with specific systems of numbering that are used in different countries to
categorize the tremendous number of existing steel alloys. Moreover, the steel user has a great deal of
options as a consequence of the available shapes, microstructures, surface finishes, heat treatments and
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forming conditions. Yet, all available types of steel can still be classified into a small number of groups
depending on chemical composition, surface conditions, applications and shapes. The widespread
problems of steel corrosion attracted a considerable attention. For this, inhibitors represent one of the
most widely used corrosion protection techniques. Several studies, especially in acids, investigated the
inhibiting activity on the steel corrosion of N-containing organic compounds [1-11] with most of them
acting by adsorption onto the metal surface [4]. Thermodynamics models are important tools in
mechanistic studies of corrosion inhibitors and a suggested one for the process of adsorption onto
metal surface has been proposed [12,13]. It is a well reported that efficient inhibitors contain unshared
electron pairs, present on either sulfur or nitrogen, as well as p—electrons in their structures that would
occupy the iron’s d—orbitals. The chemical adsorption onto the steel surface may occur, by means of
electrons transference, leading to the suppression of corrosion with the formed protective layer.

1.1. Steel corrosion electrochemistry

The corrosion or iron (or steel) is essentially an electrochemical process.

At the anode:

Fe — Fe** +2 ¢ (1)
And while iron is corroding, the rate of reaction is usually controlled by the cathodic process.
In this respect, a variety of cathodic reactions are encountered and the main ones are:
Hydrogen reduction/evolution reaction:

2H"+2e — H, @)
Oxygen reduction reaction, either in:

Acid medium:

O,+ AH* + 4e — 2H,0 (3)
Or in neutral or basic media:

O + 2H,0 +4e — 40H (4)
Metal ions reduction reaction:

M3++ e — M2+ (5)
Metal ions eletrodeposition:

M'+e - M (6)

All these cathodic reactions consume electrons. The evolution of hydrogen gas is a very
common process since most investigations are done in acid media. The same goes for oxygen
reduction reaction which is common to aerated aqueous solutions. However, the reduction of metal
ions and/or their electrodeposition are much less common.

As those cathodic and anodic processes are interrelated, it is obvious that the whole corrosion
process would be controllable by controlling either processes rate. For instance, protecting the surface
of the metal with painting or through the formation or other protecting film, will affect both anodic and
cathodic reactions rates which will be significantly decelerated which in turn retards the corrosion
process.
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On the other hand, the metal corrosion, and by consequence its corrosion inhibition processes
depends tremendously on the electrolyte anionic composition.

1.2. Corrosion protection by inhibitors

A corrosion inhibitor decreases the corrosion rate when added to the corrosive environment in a
suitable concentration. Such a compound operates through interfering with the cathodic and/or the
anodic reactions and a great deal of inhibitors are organic compounds.

Corrosion inhibition is generally assumed to proceed by metal-solution interfacial adsorption
and it is well established that the difference between the corrosive media and the corroding surface
potentials is due to the unequal interfacial charges distribution. This causes changes in electrical
double layer structure and properties as a consequence of the interactions driven by ions or corrosion
inhibitor neutral molecules. Surface- adsorbed water molecules that are in contact with the corrosive
solution take part in this process, as well. According to Bockris [14], one can describe the organic
substance adsorption on a metal-solution interface by a displacement reaction as per the equation:

Org(s) + NH2Oads) — 0rg(ass) + NH20¢)  (7)

The desorbed number of molecules of water from the surface of the corroding metal per
adsorbed molecule of inhibitor (n) is independent of both the electrode charge and coverage [14].
Obviously, this number depends on the adsorbed organic molecules cross—sectional area. This
adsorption takes place for the simple reason that the surface/water molecules interaction energy is
lower than the inhibitor/metal surface one.

According to Lorenz and Mansfeld [15], corrosion inhibitory effects are of three types: (i) a
geometric induced blocking effect of adsorbed inhibiting species onto the metal surface, (ii) a blocking
of the active sites on the metal surface by adsorbed inhibiting species and (iii) the inhibitor
electrocatalytic effect. Cao [16] reported that the first type originates from a decrease of the corroding
metal reactive area, while the others are due to the elevation of the activation energies of the corrosion
process. As a consequence, there should be different interpretations of the obtained electrochemical
data originating from each of those modes.

On the other hand, thiophene-based compounds received special interest for their wide
applicability. For instance, such compounds act as precursors for several high therapeutical potential
like in hypertension, osteoporosis, AIDS, Alzheimer’s disease and cancer [17-25]. Additionally, they
have been recently applied to the inhibition of copper and mild steel corrosion [26—36]. Some very
promising results were obtained with  2—(thiophen—3—yl)ethanamine (3ET) and
2—(thiophen—2—yl)ethanamine (2ET) [26] on steel corrosion in sulfuric acid (i.e. inhibition efficiency
of ca. 96% for 3ET and ca. 98% for 2ET with a concentration of 5x10°M in either cases).

The current investigation aims to elucidate the effect of concentration, immersion time and
potential for 2—(thiophen—3—yl)ethanamine (3ET) and 2—(thiophen—2—yl)ethanamine (2ET) on the
inhibitory effects of the dissolution of steel in a 0.5M H,SO, solution using electrochemical impedance
spectroscopy (EIS) measurements.
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1.3. Theory

A big variety of electrochemical methods can be utilized for corrosion study and to investigate
the efficiency of chemical inhibitors. In this respect, a quite powerful technique is the (EIS) owing to
the great deal of information it provides such as the polarization resistance (Rp) and double layer
capacitance (Cq). For instance, monitoring these parameters permits to gain an insight on the
investigated corrosion process Kkinetics [37]. For some cases, the obtained results at the corrosion
potential (Ecor) Show a semicircle with its center depressed below the real axis and the corresponding
fitting circuit comprises a parallel resistance and capacitance [38] as shown in Fig. 1. It is noteworthy
that better fitting of the depressed semicircles were reported when replacing the capacitance with a
constant phase element (CPE) [39] the impedance of which is:

Z=1Zo(jaw)™" (8)
whith n ranging from 0 to 1, according to the represented element in the circuit, w is the
pulsation and j a complex number.

A depressed semicircle complex impedance Z(jo) can be expressed as:

— Rp
Z=Rs+ 14 (jwCyRp)™ ™" ©)

For an ideal capacitor, the exponent n equals 1 and is a unitless parameter. This exponents
deviates from unity in most of the real systems due to the uneven current distributions on the electrode
surface as a consequence of surface roughness or other effects.

'Zim
CPE
Rs —
4\/\7 RP\A Zrl
Rp } a=(1-n) x 90°
Figure 1. Equivalent electrical circuit with a constant phase element (CPE) and diagram of the Nyquist

spectroscopy.

For an ideal behavior (i.e. n=1), the term (jewCgzRz) ™™ will reduce to (jwC4Rp) ™, where Cy
is the interfacial double-layer capacitance, and this is indicative of the inhomogeneity of the metal
surface [40].Values that are slightly above 0.5 indicate high inhomogeneity while a value of unity
reveals a smooth surface. The surface fractal dimension has been associated with the degree of
inhomogeneity [41—42] and can be determined by considering the depression degree of the Nyquist
diagram semicircle according to the equation [43]:
n=——0 (10)

Dg—1
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Ds denotes the surface fractal dimension, and has values between 2 and less than 3 for
completely smooth and rough surfaces, respectively. A verification of this behavior was reported by
Mac Rae et al. [44] who proved that measurements of the (EIS) yields the electrode’s fractal
dimension.

Rs Rt
Rs +Ri)[L+ ————C
(Rs + Ry)L Rs + R di Pl 14 7,P

z(P)= 1+ RCq| P - K'1+r1P (11)

where K=(Rs+Ry) ; 11=RiCai ; 72=RsRCai / (Rs*Ry) ; wc1=2nfe1 =1/11; we2=2nfe1= 1/12 ;P=jo

11 and 1, time constants correspond of pulsations w¢; and wc,.( CPE = Cq where n=1)
lim,_._|Z| = Rg and lim;_,|Z| = R; + R,

2

R R . Cyo

R+t =R, + o — R Ca . (12)
1+ JRCy 1+ (RCy) 1+ (RCy)
R’C, o

SR Yoja? (13)

1+(RCyw) 1+(RCyw)

2

[X - (R +F +Y? {%} (14)

This is the equation of a circle of a radius (Ri/2) and a center (Rs+R¢/2, 0). The Impedance
imaginary part values are negative. The circle of equation (14) reduces to a semicircle, which is
confirmed by the Nyquist representation. The phase of the impedance is given by the following
expressions:
®z(w) = Arg[Z(w)] = Arctg [Im Z(®) / Re Z(w)] (15)

R’C, @
[(Rs +R) +RsR’Ci@”
When ® — 0 (i.e. ata low frequency) ®z(w)— 0
When ® — oo (i.e. at a High frequency) ®z(w)— 0

®z(w) = —Arctg (16)

2. EXPERIMENTAL

2.1. Materials

A carbon steel rod (Al 0.01, Mn 0.05%, S 0.05%, P 0.09%, C 0.21%, %Si 0.38%, Fe
remainder) was utilized to prepare the testing specimens. Cut cylindrical discs were tied with Teflon
on a glass tube holder with an exposed 1cm? surface area. Prior to immersion in corrosive media, the
prepared specimen was firstly abraded with 1200 grit sandpaper and washed thoroughly with acetone
then doubly—distilled water. The corrosive media consisted of a 0.5M H,SO, solution that was
prepared from a stock solution of analytical grade (H.SO4, 98%). All experiments were conducted at
room temperature under magnetic stirring.
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2.2. Inhibitors compounds

Fig. 2 shows the chemical structures of the studied thiophene derivatives (i.e.
2—(thiophen—3—yl)ethanamine (3ET) and 2—(thiophen—2—yl)ethanamine (2ET)).

) ~\

HoN S HoN
2—(thiophen—2—yl)ethanamine (2ET) 2—(thiophen—3—yl)ethanamine (3ET)

Figure 2. Structure of the investigated thiophene derivatives.

2.3. Electrochemical Impedance Spectroscopy (EIS)

All EIS experiments were conducted in aerated acid solution at Ecp uUSINg a
computer—controlled Tacussel electrochemical system (model Voltalab PGZ 100). The working
electrode consisted of the exposed steel surface (ca. 1 cm?), and was used along with a platinum
auxiliary electrode and a saturated calomel electrode (SCE) reference electrode. After 30 min exposure
time, the steady—state current was determined and a sine wave excitation voltage (10 mV peak to peak)
was superimposed at frequencies ranging from 100 kHz to 10 MHz. The obtained results were reported
as Nyquist plots.

3. RESULTS AND DISCUSSION

3.1 Effect of the inhibitor’s concentration

Figure 3 displays the Nyquist plots for steel in a 0.5M H,SO, solution containing varying
concentrations of 2—(thiophen—3—yl)ethanamine (3ET) and 2—(thiophen—2—yl)ethanamine (2ET). The
observed one semicircle is an indication that steel dissolution comprises of a single process of charge
transfer that remains unaffected after addition of inhibitors molecules. The high frequencies inductive
loop reveals the relaxation of adsorbed species occurring at metal-corrosive solution interface while
the typical semicircle with a slight depression and a center located below the real axis evidences
inhomogeneties of solid electrodes, like some degree of roughness and/or others [45, 46].

Table 1 displays the derived charge transfer resistance (R;) and double layer capacitance (Cg)
values. The former shows an increase from ca. 30 to ca. 217.8 Q while the latter decreased from ca.
103 to ca. 40.9 chmf2 for 2ET, wheras R; increased from. ca. 30 to ca. 222.4 Q and Cq decreased
from ca. 103 to ca. 45.92 pFcm  for 3ET.

The commonly used equivalent circuit in fitting the results shown in Fig. 3, with a single time
constant, is displayed in Fig. 4. However, to accommodate the slightly depressed semicircles a two-
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time constants process is introduced: (i) the first one at high frequencies pertains to the relaxation of
Fe,O on the metal surface; and (ii) the second, at low frequencies, is related to the dissolved oxygen
diffusion.

The degree of corrosion resistance is evidenced by the polarization resistance (Rp) that is given
by [47]:

RP = liI]‘lnJ =0 Rs {zf }E=E|;'|:I."-"

Re{Z:} being the complex faradic impedance (Z;) real part and o represents the frequency-dependant
angular velocity (o=2I1f). The values are listed in Table 1

The inhibition efficiency was calculated as [48]:

inh _
E% = " X100
E

(17)

(18)

RI™ and R, denote the charge transfer resistance value in corrosive media with and without inhibitors,
respectively. For both compounds, the (E%) increased proportionally with inhibitors’ concentrations
(cf. Table 1).

It is clearly shown that both 2ET and 3ET are very effective for the inhibition of steel corrosion
in the present work conditions with increasing R, values with increasing inhibitor concentration. These
observations agree very well with the results shown from polarization and weight loss techniques,
reported previously [26]. In addition, figure 3 shows that with increasing inhibitor concentration, the
phase angle increases and approaches 90° for both 2ET and 3ET suggesting a resistive to capacitive
system “switching” as a consequence of a protecting layer adsorbed onto the metal surface indicating
that the inhibitor diffuses through mortar leading to corrosion activity hindering on the steel surface.
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Figure 3. Nyquist and Bode plots for steel in 0.5M H,SQO, at various concentrations of 3ET and 2ET.
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Figure 4. The equivalent electrical circuit used in the fitting of the experimental results.

Table 1. Impedance parameters and corresponding inhibition efficiencies for the corrosion of steel in

0.5M H,S0O, with and without inhibitors.

c(M) (m\E;gg:E) R (@) | R(Q) | Re(Q) (MFi%Z) (fga;) E %
blank 0.5M H,S0O, —465 4.86 30 25.14 103 51.50 —
2ET 5x10°* —446 3.58 42 .53 38.95 74.83 50.00 29.46

5x10°° —441 3.52 217.8 214.28 40.90 17.85 86.22
3ET 5x10°* —478 3.11 43.37 40.26 91.74 40.00 30.82

5x10°° —462 3.47 222.4 218.93 45,92 15.82 86.51

3.2 Effect of the immersion time

The Nyquist plots of steel in a 0.5M H,SO, solution given in Fig. 5 show increasing
semicircles with increasing time up to 3h as a consequence of gradually changing kinetics of the
corrosion process, and this could be related to a growing protective scale with growing protection
[49-50]. Yet, an abrupt decrease of the impedance magnitude was observed after 3 hours.

Table 2 lists the results of the best experimental data fitting in terms of equivalent electrical
circuit elements. A relatively small decrease of solution resistance (R;) values was observed from
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4.86Q to 4.12 Q for immersion times of 0.5h and 10h, respectively, owing to increasing ions
concentration as a result of increasing steel dissolution. Whereas, this induces a charge transfer
resistance (Ry) increase which reveals an impeded charge transfer process, as a result of the shrinking
of uncovered steel area [51]. Similarly, the double layer capacitance (Cgq) values at intermediate
characteristic frequencies (10mHz—100KHz), increased with increasing time of immersion. Yet, they
remain in the typical order of magnitude for a double—layer capacitance [52—54].
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Figure 5. Nyquist and Bode plots at different immersion times with and without 5x10 M thiophene
derivatives.
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Table 2. Impedance measurements and inhibition efficiency for steel in 0.5M H,SO, containing
different concentrations of 3ET and 2ET at 25°C

inhibitors | Time (h) Rs (Q) R: () Cg (uF.cm ™) frmax(HZz) E%

0.5 4.86 30 103 51.50 —
3 458 47.92 118.2 25 -
H25040.5M 5 4.55 24.18 207.9 32 —
10 4.12 14.02 270.28 42 —~

0.5 3.47 222.4 45.92 15.82 86.51

3ET 3 458 586.7 19.31 15.82 91.83

5 3.03 415.9 30.61 10 94.18

10 3.44 349.5 57.37 7.93 95.99

0.5 3.52 217.8 40.90 17.85 86.22

SET 3 3.98 350.5 72.74 6.32 86.33

5 3.56 366.1 68.67 6.32 93.39

10 3.23 348.7 45.64 10 95.97

3.3 Effect of the potential

Fig.6 presents the impedance spectra of protected and unprotected steel in deaerated 0.5M
H.SO, solution at different potentials. In the anodic domain, E > Ecor=—461mV, (i.e. E = -200mV, E
= —300mV and E = —400mV), the observed semi—circles give an indication of a protecting layer
formation onto the corroding steel surface. One can note the existence of a capacitive single loop and a
subsequent inductive loop located at high and at low frequencies, respectively, in accordance to
literature [55,56]. The former is attributable to the corrosion process charge transfer along with an
oxide layer formation while the latter is very often attributed to either species relaxations on the
surface oxide layer [57] or to this layer’s stabilization by intermediate corrosion products adsorbed on
the electrode surface [58]. A model of the fitting circuit is given in Fig.7, where the inductance (L) and
the resistance (Ring) are correlated with intermediate processes at low frequencies, while (Rp + Ring)
identifies with a charge transfer resistance (Ry) [55,58].

A single semicircle was obtained in the cathodic domain, E < Egr = —461mV, (i.e. E =
=500mV, E = -600mV, E = =700mV and E = —800mV), with similar impedance spectra showing a
one-time constant depressed semicircles. This observed bahavior fits well to the equivalent electrical
circuit displayed in Fig. 1 featuring a combination of parallel constant phase element (CPE) and
polarization resistance (Ry) in series with a solution resistance (Rs), similarly with reported results for
acidic steel corrosion [59-61]. In the presence of thiophene-based inhibitors, an eye-catching feature is
the increase in the semicircles diameters. It is worth mentioning that, for a typical Randles equivalent
circuit, the Nyquist impedance plot extrapolation in low frequencies domain gives the polarization
resistance (Rp) value which in this case equals the diameter of the semicircle. The metal surface
roughness is represented by the constant phase element (CPE) and the fractal dimension of that surface
is calculated from depression angle.
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Figure 6. Nyquist and Bode plots of steel at different anodic and cathodic potential domains with and
without 5x107°M thiophene derivatives.
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Figure 7. Electrical circuit model used for the fitting of the experimental impedance data.
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Table 3. Electrochemical parameters of impedance for steel in 0.5M H,SO,4 without and with addition
of various concentrations of thiophene derivatives.

E (mV) 800 ~700 600 500 400 300 200
0.5M HZ50, 3.25 3.33 3.06 3.32 3.17 3.33 3.62
Rs(Q) 2ET 3.26 4.16 3.43 3.07 3.50 3.24 3.26
3.70 3.24 2.54 3.41 3.43 3.50 3.74

3ET
0.5M H,S0, 231 4.89 7.70 80.78 8.65 1.38 0.92
R(Q) 2ET 6.31 18.64 72.38 266.8 437 214 0.82
6.66 23.98 137.9 360.3 60.22 2.16 0.86

3ET
0.5M H,SO, 140 122.1 853 73.56 78.8 152 212
Ca (uF.cm™?) 2ET 68 49 42 38 52 134 201
66.9 43.12 36.5 32 50 128 198

3ET
0.5M H,SO, 492 266.5 242 26.78 234 758 816
£ (H2) 2ET 371 3485 52.35 15.69 70 555 966
p— 3573 | 153.9 31.62 13.8 52.85 575.6 934
o 2ET 6342 | 73.86 89.36 69.72 80.18 35.32 9.24

0

3ET 65.36 79.6 94.41 77.58 85.62 35.62 13.88

Table 3 lists the Nyquist plots/Bode diagrams-derived impedance parameters (data extracted
from Fig.6), and shows an inhibition efficiency (E%) increase with the potential in the cathodic
domain followed by a decrease in the anodic domain, for both 2ET and 3ET. Similar results were

reported in literature for quinoxaline derivatives [62].

An AC impedance investigation permitted to define the potential of zero charge (PZC) and the
plots of R; and Cq values at each applied potential are shown in Figs. 8 and 9, respectively. The
obtained parabolas show a minimum at ca. —492mV in the blank solution against ca. —505mV and ca.
—514mV for 3ET and 2ET, respectively.
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Figure 8. Plots of R; vs. applied electrode potential with and without 5x10°M thiophene derivatives.
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Figure 9. Plots of Cq vs. applied electrode potential with and without 5x10°M thiophene derivatives.

Here we would like to point out the following three situations regarding the possibly adsorbed
species onto steel surface:

1. In the case of a positively charged surface, with respect to PZC: Firstly, sulfate (SO4*") ions
adsorb on the surface of the metal. Secondly, these adsorbed ions attract the cationic forms of the
thiophene inhibitor along with the protonated molecules of water. Consequently, the formed triple
layer with a close—packed structure would inhibit iron from entering into the solution.

2. In the case of a negatively charged surface, with respect to PZC, the cationic forms of the
thiophene inhibitors along with the protonated molecules of water would directly adsorb onto the metal
surface. Consequently, an increasing metal surface negative charge enhances the adsorption of 3ET
and 2ET while their concentrations in the solution decreases.

3. At the PZC exactly, the metal surface is not charged and therefore no ionic adsorption
occurs. A physical adsorption of few thiophene molecules might occur by means of =, orbitals onto the
steel surface (presenting vacant mg orbitals) causing a slight decrease in thiophene concentrations.

4. CONCLUSION

From the EIS investigations of the steel corrosion inhibition process at open circuit potential
(OCP) in a 0.5 M H,SO, solution using thiophene derivatives inhibitors we conclude the following:

i- The Nyquist plots exhibited of a capacitive semicircle in the high frequencies regions
and an inductive small loop in low frequencies.

Ii- The inhibition efficiency of 3ET and 2ET for steel increases with increasing
concentrations.

iii-  The inhibition efficiency of 3ET and 2ET for steel increases with extended immersion
time up to 3h, suggesting a gradually changing kinetics of the corrosion process. Yet, an abrupt
decrease of the impedance magnitude was observed after 3 hours.
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Iv- The AC impedance-calculated the potential of zero charge (PZC) revealed that the
values of the charge transfer resistance (R;) increased at potentials below the PZC then decreased
above it, conversely Cgy decreased at potentials less positive than the PZC and then increased at higher
potentials.
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