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The inhibition effects of L-tryptophane (Trp) and its synergistic effect with KI on the corrosion of mild
steel in 1.0 M HCI solution have been investigated by electrochemical impedance spectroscopy (EIS)
and potentiodynamic polarization (PDP) measurements. The results show that the inhibition efficiency
increases with the concentration of Trp and increases further when Kl exists. The synergistic effect
between Trp and KI was discussed by calculating the synergism parameter, which suggests that there
is a cooperative mechanism between iodide anion and Trp cation. Finally, Monte Carlo simulation was
utilized to search for the equilibrium configurations of inhibitors/Fe(110) adsorption systems in the
presence of water molecules.
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1. INTRODUCTION

Due to the good mechanical performance and low price, mild steel is widely used as the
construction and engineering materials in a variety of industrial applications such as pipes, storage
tanks. However, they can be suffering severe corrosion damage in the bad corrosive environment
during their service, which usually results in large economic losses and a number of security issues. So
anticorrosion technology has attracted more and more researchers' attention [1, 2]. The most effective
and convenient way to prevent steel from corrosion is the use of organic corrosion inhibitors [3]. The
organic materials containing polar functions with N, O, and/or S atoms as well as aromatic rings have
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been confirmed to exhibit good inhibiting performance [4]. So far, most researchers believe that most
organic inhibitors can form a compact barrier which adheres to the substrate surface by displacing H-O
molecules [5-7].

Amino acids are a kind of very useful chemical substances to the health of mankind. They often
contain amine (—NHz) and carboxylic acid (-COOH) functional groups in the molecular structure.
They are nontoxic, low price and easy to produce in purities greater than 99%. Some researchers have
examined the inhibition effectiveness of many amino acids on the corrosion of metals recently [8-10].
One problem here is that the inhibitors studied are usually a single component, the report on the
synergistic effect with other inorganic salt (such as KBr, KI) are still fewer. The importance of
synergistic effect on inhibition in acid media is vast, because it can improve the inhibitive activities of
the inhibitors with a small amount of usage, and extend their application areas. Many researches on
synergistic effect have been carried out and are being investigated [11-14]. For example, Musa et al.
[15] have studied the synergistic effect of KI with phthalazone on the corrosion inhibition of mild steel
in 1.0 M HCI. They reported that the inhibition efficiency of adenine is greatly enhanced with the
presence of KI due to the specific adsorption effect of iodide ions.

On the other hand, molecular modeling methods (quantum mechanics, Metropolis Monte Carlo
method, etc.) have been applied to to explain anticorrosive mechanism [16-19]. Theoretical calculation
has been considered an effective, reliable, advanced and low-cost way that is capable of successfully
exploring the interaction of inhibitors with the metal surface or similar problems. Its major
contribution is related to reducing the time and cost in exploring the inhibition mechanism as well as
developing green organic corrosion inhibitors [20, 21].

In this work, the synergistic effect of potassium iodide (KI) and L-tryptophane (Trp) on the
corrosion inhibition of mild steel in 1.0 M HCI has been studied by electrochemical methods and
theoretical calculation technique. To facilitate the presentation, the molecular structure of Trp and the
change pattern of its solubility with pH is presented in Figure 1. Careful inspection of Figure 1b we
can see that Trp has a good solubility in strong acid media and may serve as a suitable material for
corrosion inhibitor.
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Figure 1. Molecular structure (a) and the solubility vs. pH (b) of L-tryptophane.
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2. EXPERIMENTAL PROCEDURE

2.1. Materials and chemicals

The working electrode employed in this work is mild steel Q235 (the chemical composition is
shown in Table 1). The steel rod was imbedded in epoxy resin with a surface area of (1.0 x 1.0) cm?
exposed to the corrosive media. Prior to each experiment, the exposed surface was polished with 400#,
800#, 1000# and 1200# emery paper, washed thoroughly with deionized water, degreased and cleaned
ultrasonically in ethanol and finally dried. The simulation medium (i.e., 1.0 M HCI solution) was
prepared by using hydrochloric acid of standard grade and doubly deionized water.

Table 1. Chemical composition of the Q235 mild steel (in wt%).

Elemental C Mn Si Cu S Fe
Compositions 0.17 0.46 0.26 0.019 0.017 Balance

2.2. Electrochemical measurements

RST5000F electrochemical system (Shiruisi Technology Co. Ltd., from China) was employed
for all the electrochemical tests. A standard three-electrode system was used and the temperature was
controlled at 298+1 K. The reference electrode was a saturated calomel electrode (SCE) provided with
a Luggin-Haber capillary tip. A Platinum plate was used as the counter electrode. Primitively, the open
circuit corrosion potential (OCP) test lasted about 1 h in order to attain a stable value. The impedance
studies were carried out in the frequency range of 10° to 102 Hz at Eocp by applying 10 mV amplitude.
Obtained impedance data from EIS were calculated by using ZsimpWin 3.10 software. The Tafel
polarization was performed in the potential range of 250 mV vs. Eqp at a scan rate of 0.5 mV/s. Each
test was repeated at least three times in order to verify the reproducibility.

2.3. Theory and computation details

Density functional theory (DFT) calculations were conducted with DMol® module in Materials
Studio (MS) software (version 8.0, from BIOVIA Inc.) [22]. The DMol® program uses numerical
functions on an atom centered grid as its atomic basis, which is far more complete than the traditional
Gaussian functions. Geometrical optimizations were performed by the generalized gradient
approximation (GGA) functional of Becke exchange plus Lee-Yang-Parr correlation (BLYP) in
conjunction with double numerical with polarization (DNP) basis set. The real space cutoff radius was
3.7 A, and the choice of convergence accuracy was Fine. The optimized structures were confirmed to
be true minima by vibrational frequency calculations. To get more reliable data, conductor-like
screening model (COSMO) [23] was applied in order to incorporate the solvent effects (herein, water,
dielectric constant = 78.54) in the calculation.
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The interactions between the inhibitors of interest and the iron surface were simulated by
applyling the adsorption locator module (also implemented in MS 8.0) through Metropolis Monte
Carlo approach [24]. The calculation was carried out using the COMPASSII force field [25]. The
Fe(110) plane was chosen in this work due to its stable property. It was first cleaved from bcc Fe
crystal, and was then enlarged to a (8x8) supercell, after which a vacuum slab with 35 A thickness was
built above the Fe(110) plane. The optimized inhibitor molecule was put to adsorb on the refined
Fe(110) surface with the aid of simulated annealing task to obtain equilibrium configuration of
inhibitor/Fe(110) system. Finally, we can obtain the adsorption energy value for the most stable
configuration of inhibitor/Fe(110) system. Moreover, each adsorption system also included 400 H.O
molecules to simulate the solvent effects. More details about the methodology of Monte Carlo
simulations had been reported in our previous work [26-29].

3. RESULTS AND DISCUSSION

3.1. EIS studies

Nyquist impedance plots of mild steel in 1.0 M HCI solution containing different
concentrations of Trp in the absence and presence of 5 x 10~ M K are given in Figure 2. We can see
that all impedance spectra display a single depressed capacitive arc over the frequency range studied,
and this is often considered to related to the charge-transfer process [30]. The capacitive arcs are not
perfect semicircles, and this difference could be attributed to the frequency dispersion as results of the
roughness and inhomogeneous of electrode surface [31-33]. With the concentration of inhibitors
increasing, the capacitive reactance arc radius became larger.
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Figure 2. Nyquist plots for mild steel in 1.0 M HCI containing various concentrations of Trp in the (a)
absence, and (b) presence of 5 x 102 M KI.
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The Randles equivalent circuit (Figure 3) model was used. R is the charge transfer resistance,
Rs is the solution resistance, and CPE represents a constant phase element. CPE has the value of the
frequency-distributed double-layer capacitance. The impedance function of the CPE has the form [34]

1

— 1
Y, (o)
where Yo is a proportionality coefficient, j is the imaginary number, w is the angular frequency (w=2xf,
here f is the AC frequency in Hz), and n is a phase shift, which is related to the system homogeneity.

When the CPE represents a pure capacitor, n=1. The capacitance values (Cq) and inhibition efficiency
(ng) can be calculated as follow:

ZCPE =

Y, 0"t
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N = —) 2O 100 3)

ct(inh)
where Rco) and Reyinny are the charge transfer resistance in the absence and presence of inhibitors,
respectively. The fitted impedance data such as Rs, Ret and CPE constants Yo and n are listed in Table
2.

Steel substrate

Figure 3. Equivalent circuit used to fit the EIS data.

Table 2. Impedance parameters of mild steel in 1.0 M HCI with different concentrations of Trp in the
presence and absence of KI.

C (M) CPE

Crrp (M) Cxi (M) Rs( Q sz) Yo (x10—5 S Cm_z) N Ret ( Q sz) Ca (puF Cm—Z) R
Blank / 0.154 55.5 0.775 41.2 557 /
Blank 5x10°3 0.115 25.6 0.797 102.3 279 59.7

2x10°3 / 0.148 53.5 0.788 46.9 538 121

2x10°3 5x10°3 0.164 25.2 0.821 113.6 281 63.7

1x1072 / 0.151 41.8 0.806 65.8 436 37.3

1x10°2 5x10° 0.061 19.7 0.813 225.7 248 81.7

5x 1072 / 0.097 33.6 0.795 109.4 381 62.3

5x 1072 5x10° 0.043 13.5 0.829 355.8 169 88.4

2x10" / 0.098 22.8 0.801 173.1 252 76.1

2x10" 5x 107 0.035 13.1 0.814 509.1 138 91.9
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As seen in Table 2, the Ret values increased considerably after the addition of inhibitors, and
they continuously increased as inhibitor concentration increases and hence an increase in inhibition
efficiency. This can be attributed to the formation of an insulating layer on the iron surface, which
forms a barrier for mass and charge-transfer at the electrode surface [35]. The thickness of the barrier
layer (d) is related to Ca, i.e., Ca=(£0eS)/d. Apparently the Cgq values strongly decreased with
increasing inhibitor concentration, which resulted from a decrease in the local dielectric constant ¢
and/or an increase in the thickness of the electrical double layer, suggesting that the inhibitor strongly
adsorbed to the metal/solution interface [36]. The addition of KI can further enhance R values and
reduces Cqi values, which may be caused to the enhanced adsorption of Trp in the presence of Kl since
the synergistic effect with iodide ions. The best corrosion inhibition efficiency is 91.9% when the
concentration of Trp is 0.2 M in the presence of KI.

3.2. PDP measurements

The representative polarization curves for mild steel in 1.0 M HCI solution with different
concentrations of Trp in the presence and absence of 5 x 10~ M KI was shown in Figure 4. Some
electrochemical corrosion parameters, specifically, corrosion potential (Ecorr), corrosion current density
(icorr), cathodic and anodic tafel slopes (fc, fa) obtained from the polarization measurements were

summarized in Table 2. The inhibition efficiency (#p) was calculated by using the formula:

leorr _Icorr in
7, = —0L__cont) 100 (4)

,, Yeorr(0)
where icorr0) and icorr(inhy are the corrosion current density of mild steel in the absence and presence of
inhibitors, respectively. The icorr Values were determined by extrapolation of the linear segments of the
anodic and cathodic Tafel curves.
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Figure 4. Potentiodynamic polarization curves for mild steel in 1.0 M HCI containing various
concentrations of Trp in the (a) absence, and (b) presence of 5 x 103 M KI.
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From the results in Figure 4 and Table 3, it is observed that the corrosion current (icorr) Was
found to decrease with increaseing inhibitor concentration. The addition of Trp inhibitor not only
reduces anodic dissolution of Fe (Fe-2e —Fe?*), but also inhibits cathodic hydrogen evolution
reaction (2H"+2e"—H;). We can also conclude that the addition of KI further reduces the icr values
and improves the inhibition efficiency of Trp significantly. The inhibition efficiency derived from
polarization measurements are in good agreement with that from EIS. This proves that the data
obtained form the electrochemical method is reliable.

Table 3. PDP parameters for mild steel in 1.0 M HCI with different concentrations of Trp in the
presence and absence of KI.

CTrp (M) CKl (M) Ecorr(mV) icorr (IJ,A Cmiz) ﬁc (V decil) ﬁa (mV decil) 7’]p S
Blank / —460 514.3 0.10 0.08 / /
Blank 5x 107 —457 231.0 0.09 0.06 55.0 /

2x10°3 / —468 421.9 0.09 0.08 17.9 /

2x10° 5x10°  -452 180.9 0.09 0.05 64.8  1.047
1x10°2 / —463 304.7 0.09 0.06 40.7 /

1x102 5x10°3 —447 84.8 0.09 0.05 835 1613

5x 1072 / —467 210.7 0.10 0.08 59.1 /

5x102 5x10°7 —441 56.7 0.11 0.06 88.9 1.669

2x10? / —448 139.7 0.11 0.07 72.8 /

2x101 5x10° —431 38.5 0.11 0.05 925 1.629

The interaction between Kl and Trp molecules can be described by introduction of an S
synergism parameter, which is defined as

S I, x1, (5)

I, x 1,

Herein, 11 and I, are the corrosion current density for single Kl and Trp, respectively. 11 is the
obtained corrosion current density for the Trp + Kl containing solution, lo is the corrosion current
density for the blank solution. Generally, if the values of S < 1 indicates that antagonistic effect
prevails which may lead to competitive adsorption, whereas S > 1 suggests a synergistic effect [37].
The calculated synergism parameters are listed in Table 3. We find that the values of S are more than
1, which suggests a cooperative synergistic effect exists. That is, iodide ions were firstly adsorbed onto
the positively charged metallic surface (Fe?"), followed by adsorption of Trp cations (TrpH) on the
layer of Kl anions.

According to the literature and other authors' results in research works [38, 39], if the Ecorr
(inhibitor) displacement is lower than 85 mV respect to Ecorr (blank), the inhibitor can act as amixed
type. In the presence study, the maximum displacement is 29 mV, which suggests that investigated
compounds act as mixed type inhibitors.
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3.3. Theoretical study

Actually, Trp is an amphoteric compound, the -NH: (pKa=7.97, calculated from ACD/Labs)
part of the Trp molecule is easily to be protonated and form the cationic forms in acid media, and the
protonation process is shown in Figure 5. Then its protonated form (abbreviated as TrpH) was
considered in the following theoretical calculations.

.
H3r1__ H

OH + H,0

\ o

N
H TrpH

Figure 5. The protonation process of a Trp molecule in acidic solution.

3.3.1. Quantum chemical calculations

Optimized

Figure 6. Optimized geometric structures and molecular orbitals for Trp and TrpH at the
GGA/BLYP/DNP level of theory.

The optimized geometric structures as well as frontier molecular orbital distributions for
neutral and protonated forms of Trp are shown in Figure 6. The HOMO of Trp shows the electron
density contributed from indole ring, while the LUMO finds predominant contribution from the
nitrogen atom of amine group as well as the carboxyl oxygen atoms. A similar delocalized electron
density at the HOMO and LUMO of TrpH exists.

On the basis of Koopmans’s theorem [40, 41], the negative of the HOMO energy (—Enomo) and
the LUMO energy (—ELumo) correspond to the ionization potential and electron affinity, respectively
(i.e., I = — Enomo and A= —Erumo). The quantum chemical descriptors electronegativity (y) and
hardness (7) are thereby defined as:

Z:(I +A)/2=_(EHOMO+ELUMO)/2 (6)
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77:(| _A)/ZZ(ELUMO_EHOMO)/Z (7)

Based on Table 4, the Enomo and ELumo values for Trp molecule are more positive than TrpH,
and the energy gap (AE) values for the former (3.52 eV) is also seen to be bigger than the latter (3.38
eV). Some researchers reported that lower value of AE is responsible for higher inhibition efficiency of
inhibitors [42-44]. All this suggests that the dominant form responsible for the inhibition efficiency of
Trp is its protonated form in an acidic medium.

Table 4. Calculated quantum chemical descriptors at the GGA/BLYP/DNP level for Trp and TrpH in
aqueous phase.

Inhibitor  Enomo (V) Erumo (V) 1(eV) AEV) AE(eV) x (V) 75 (eV) AN
Trp —-4.89 -1.36 4.89 1.36 3.52 3.12 1.76 1.09
TrpH -5.25 -1.86 5.25 1.86 3.38 3.56 1.69 1.01

The fraction of electrons (AN) transferred between the inhibitor and metallic surface is given by
— Xre — Xim

A 2(1le+ Thon ) ©
where a theoretical value of xre~ 7 eV, and 77re = 0 is taken based on the assumption that | = A for a
bulk metal, since they are softer than the neutral metallic atoms. The AN value measures the electron
transfer from molecule to metal if AN > 0 and vice versa if AN < 0. Furthermore, Lukovits and others
[17] point out that when AN < 3.6, the inhibition efficiency increases with the ability of electrons
donation to the metal surface. It can be seen from Table 3 that the AN value of Trp is slightly higher
than that of TrpH molecule, but quite similar. Both of the AN values are positive, which demonstrates
that Trp and TrpH can donate electrons to the iron surface to form self-assembled layers of inhibitors.

3.3.2. Monte Carlo Simulation

Recently, there is a perception that the analysis of molecular electronic structure of organic
molecules is not sufficient to determine the trend of their corrosion inhibition performance [26, 45]. So
it is necessary to carry out rigorous investigation of the direct interaction between the inhibitors and
mild steel surface incorporating water molecules to simulate the actual environment. Thus, in the
present study, Monte Carlo simulation was utilized to investigate the synergistic adsorption effect of
Trp and KI on iron surface.

The equilibrium configurations of the inhibitors/Fe(110) systems are given in Figure 7. As
shown in Figure 7a, the TrpH molecule adsorbed on Fe(110) surface in nearly parallel orientation.
Figure 7b shows that there is an electrostatic interaction between iodine ions and Fe(110) surface. An
examination of Figure 7c reveals that the I ions tend to attract the protonated nitrogen atom, and we
can generalize it as a bridge joining the positively charged TrpH cations and the positively charged
iron surface. The computed energy parameters of the equilibrium configurations of inhibitors/Fe(110)
systems are given in Table 5. The large negative values of adsorption energy for all studied adsorption
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systems suggest that the inhibitors are quickly and tightly adsorbed on the Fe(110) surface. The
sequence of adsorption energy for the tested inhibitors was TrpH + I~ > TrpH > I". This trend agrees
well with the order of inhibition efficiency mensurated from experiments.

-3 N N
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= T Y
e

..‘,’ ~

(©

Figure 7. Snapshots of the most stable low energy configurations for the adsorption of (a) TrpH, (b) I,
and (c) TrpH + I on Fe(110)/400 H20 interface obtained through the Monte Carlo simulation.

Table 5. Outputs and descriptors calculated by the Mont Carlo simulation for the lowest adsorption
configurations of (a) TrpH, (b) 17, and (c) TrpH + I~ on Fe (110)/400 H.O Interface (in x10°

kcal mol?).
Systems Total energy  Adsorption energy  Rigid adsorption energy Deformation energy
Fe(110)/ I —5.045 -12.76 -5.337 —7.431
Fe(110)/TrpH -5.011 -12.80 -5.360 —7.444
Fe(110)/TrpH+ I~ -5.092 -12.88 —5.442 —7.443

3.4. Mechanism of adsorption and inhibition

The inhibition mechanism of mild steel in HCI solution by Trp and KI can be explained as
adsorption. But it is difficult to explain the single mode of adsorption because the adsorption of

inhibitor cannot consider as purely physical or chemical type.

, s,

o\ ° ?IH;, ...... physisorption

. Q —=mm chemisorption
e

charged iron surface

Figure 8. Schematic illustration of the adsorption model of inhibitors on mild steel surface in acid
media.



Int. J. Electrochem. Sci., Vol. 12, 2017 176

The mechanism of adsorption can be explained according to the following ways shown in
Figure 8.

() The Trp molecules exist in 1.0 M HCI as protonated species. They can get adsorbed on
previously adsorbed 1™ on the mild steel interface through electrostatic interaction (physisorption).

(i) Trp molecule may be adsorbed on the iron surface via the chemisorptions mechanism
through donation of lone electrons pairs of N atoms as well as O atoms to the empty orbital of Fe
atoms.

(iii) There is donor—acceptor interactions between the n-electrons of aromatic ring and d-orbital
of Fe atoms.

4. CONCLUSIONS

In the present work, the corrosion inhibition of Trp and KI for mild steel in 1.0 M HCI solution
have been investigated by electrochemical and theoretical calculation methods. The main conclusions
of this work are given below:

(1) The inhibition effectiveness of Trp was found to further increase with the addition of KI as
a result of the synergistic effect. There is a cooperative synergistic mechanism between the iodide
anion and Trp cation.

(2) The Trp molecule can absorb onto Fe(110) with the molecular plane being nearly parallel to
the surface.

(3) The variation in the values of Tafel slopes and the minor displacement of Ecorr With respect
to Ecorr OF the blank indicate that the inhibitors of interest are mixed type in nature.

(4) Both physical and chemical adsorption are exist in the inhibition process.
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