Research Article J. Electrochem. Sci. Technol., 2020, 11(3), 257-272

The Inhibitor Effect of (E)-5-[(4-(benzyl(methyl)amino)phenyl)dia-
zenyll-1,4-dimethyl-1H-1,2,4-triazol-4-ium zinc(I[) Chloride, an
Industrial Cationic Azo Dye, onto Reducing Acidic Corrosion Rate
of Mild Steel

Demet Ozkir'* and Kadriye Kayakirilmaz’
Nigde Omer Halisdemir University, Faculty of Arts and Sciences, Department of Chemistry, 51240, Nigde, Turkey
’Hasan Kalyoncu University, Faculty of Health Sciences, Department of Nutrition and Dietetics, 27410, Gaziantep, Turkey

ABSTRACT

This study covers the stages of testing whether the azo dye with chemical name (E)-5-[(4-(benzyl(methyl)amino)phe-
nyl)diazenyl]-1,4-dimethyl-1H-1,2,4-triazol-4-ium zinc (II) chloride (DMT), known as Maxilon Red GRL in the dye indus-
try, can be used as an anticorrosive feasible inhibitory agent, especially in industrial areas other than carpet, yarn and fibre
dyeing. These test stages consist of the electrochemical measurement techniques such as potentiodynamic polarization,
electrochemical impedance spectroscopy (EIS) and linear polarization resistance (LPR) for diverse concentrations and dura-
tions. The adsorption of the viewed DMT molecule on the mild steel surface obeyed the Langmuir isotherm. The zero
charge potential (PZC) of mild steel was also found to assess the inhibition mechanism in containing DMT solution. The
inhibition performance of DMT on the mild steel in a 1.0 M HCI solution was also investigated using methods such as

metal microscope, atomic force microscope (AFM) and field emission scanning electron microscope (FE-SEM).
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1. Introduction

Corrosion is, unfortunately, a natural cycle that
requires a precautionary effort in the nature. There-
fore, we can define corrosion as a kind of natural
disaster. In fact, corrosion is almost an inevitable and
bleeding disaster for the whole world. Even today,
the aging of a person can be described as a natural
corrosion [1]. Perhaps natural corrosion, aging can-
not be avoided, but measures of metal decay can be
taken. One of them is inhibitor utilization. There are
many dyes used in commercial and industrial areas.
However, they are rarely used in corrosion inhibition.
Azo dyes are utilized in industrial processes such as
textiles, pharmaceutical, cosmetics, dye manufactur-
ing etc. [2].
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This compound examined in this study that comes
from the azo dyes class, and is investigated for its
inhibitor property, is known as Maxilon Red GRL in
industrial processes. DMT is an industrial dye and
has been used as a represented compound of azo dyes
worldwide for many years. These kinds of dyes are
described as among the azo dyes which must be
taken into consideration in terms of living organisms
for industrial fields [3,4]. When we compare azo dyes
with other dyes, they have many advantages such as
low cost, simple and short synthesis process etc. [5].
The most widely used azo dyes among the inhibitors
are often preferred due to their economical easy
availability and applications in industrial areas such
as carpet, fibre dyeing [6-8]. DMT is a type of cat-
ionic azo dye according to the chemical structure
(Fig. 1). Azo dyes like DMT have good high build up
and exhaustion rate and have been used for the
acrylic printing and wet tow dyeing.

The -(N=N)- group, which is found in the chemical
structures of azo dyes and is specific for them, is pri-
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marily the most effective part of the inhibitor in cor-
rosion process. While this group helps prevent
corrosion of the metal, it also increases the adsorption
effect on the metal surface. These atoms act as
adsorption centres and block the active corrosion
sites in the acidic solution, because they contain het-
eroatom in its structure, such as nitrogen, have highly
electron-donor ability, and interact with the metal
surface and contain unpaired electron pairs in their
structures [6,9-12]. Besides, n-electrons that are delo-
calized in the aromatic ring are also very important
for the adsorption of corrosion inhibitors. Since the
electrons are donated to the ring through the n-elec-
trons, making the aromatic ring effective against cor-
rosion [13]. According to literature, no results have
been published concerning the corrosion inhibition of
the DMT, cationic azo dye on mild steel in 1.0 M
HCl solution.

The objective of this study is to examine the effect
of DMT, a cationic azo dye, in 1.0 M HCI solution as
an industrially applicable inhibitor on mild steel cor-
rosion by implementing electrochemical methods. It
is also aimed to include this inhibitor in applications
in the industrial context.

2. Experimental

2.1. Materials

The corrosion experiments were realized on a mild
steel specimen of the following percentage composi-
tion (wt.%): 0.08400% C, 0.01100% P, 0.06030% Ccr,
0.00222% Nb, 0.07890% Ni, 0.01100% V, 0.01040%
Mo, 0.21700% Cu, 0.01900% S, 0.40900% Mn,
0.01620% Sn, 0.10200% Si, 0.00198% Co and the
rest is Fe. The samples were inserted in a cylindrical
mold containing polyester and the surface area
0.5024 cm? of electrodes were exposed to the acidic
media. The surfaces of the mild steel electrodes were
polished with 150, 600 and 1000 grids of abrasive
paper before each measurement. The surfaces of
electrodes were cleaned with acetone and distilled
water and allowed to dry at room temperature.

2.2. Inhibitor and test solutions

All chemicals utilized in this paper are bought in
Merck and Sigma Aldrich Chemical Company and
used for analytical purity. The chemical structure of
solid DMT in powdered, pearl-like appearance, in
which the inhibitor property is investigated, is given

Fig. 1. Chemical molecular structure of the DMT azo dye
investigated inhibitor effect as a top-stick model.

in Fig. 1. It was used the 1.0 M HCI solution as an
aggressive media. Five different concentrations
(1.0x10° M, 5.0x10° M, 1.0x10° M, 5.0x10° M and
1.0x10-4 M) of DMT inhibitor in 1.0 M HCI were
used in the experiments. 1.0x107° M stock solution of
the DMT inhibitor was prepared and all concentra-
tions were diluted from this stock solution.

2.3 Electrochemical experiments

Electrochemical experiments were realized in
acidic medium in without and with diverse DMT
concentrations. Electrochemical methods used in
experiments are EIS, LPR and potentiodynamic
polarization methods. All electrochemical measure-
ments were conducted in a computer controlled CHI
660B model electrochemical analyser. In these exper-
iments, three conventional electrode techniques were
used. The first of these electrodes is mild steel as the
working electrode. The second one, the counter elec-
trode is a platinum plate with a surface area of
1.0 cm?, and the third one is Ag/AgCl as the refer-
ence electrode. All potentials granted in this study are
given by reference electrode. Before all electrochem-
ical measurements, the working electrodes were
immersed in the working solution for one hour in
order to stabilize the system for the open circuit
potential (E,,,,).

EIS measurements were realized on the E,,,, at a
frequency range of 1x10°to 510 Hz with 5 mV
amplitude applied to the system. One, 24, 72 and
120 h measurements were taken to examine long-
term EIS tests. Surface images were taken 120 h of
duration in hydrochloric acid solution with and with-
out DMT azo dye using metal microscope (digital
camera integrated OLYMPUS BX-51 model), AFM
(Veeco Multimode 8 Nanoscope 3D) and FE-SEM



Demet Ozkir et al. / J. Electrochem. Sci.

e 10MHCI (1h)
— Fitted result

102

» 1MHCIAN
— Fittedreslt
[SEU3

10° 3 2 L 2 3 ¢ S
107 10 0! 1° 10 104 0 10 10°
Frequency (82)

I [T R I L L

0 10 20 30 40 50 60 7

Technol., 2020, 11(3), 257-272 259

—— Fitted results

o 1E-6 M (DMT) (1h)

v 5E-6M Rs CPEl 228K
¢ 1E5M

o B5E-5M Rt ge

A 1E-4M

75 150 225 300 375 450 525

Z' (ohm cm’)

0 80
[Rp = Re + Ryor (Rpor = Ret + Ra + Ro)|

Z' (ohm cn?)

(Rg: Solution resistance, R¢t: Charge transfer resistance, R g: Diffuse layer resistance, Ry: Resistance of accumulated species at metal/solution interface,
Rg: Film resistance, Rpm': Pore resistance, CPE1: Film capacitance, CPE2: Double layer capacitance, L: Inductance, R : Inductive resistance)

Fig. 2. The Nyquist diagrams obtained after 1 h in 1.0 M HCI solutions without and with DMT at different concentrations

at 298 K.

(Zeiss Geminisem 500 with computer controlled)
techniques. For AFM measurements, the surface
morphology on a 10 umx10 pm scan size scale was
scanned in a 1.0 M HCI solution containing without
and with 1.0x10* M DMT. The zero charge poten-
tial (E,..) of mild steel electrode was measured by
using EIS technique. The polarization resistance (R,)
values at stable potential were recorded at + 0.205 V
(Ag/AgCl) potential ranges and the R, versus poten-
tial curve was plotted.

LPR experiments were realized at a scan rate of
0.1 mV s+ 10 mV (Ag/AgCl) from E,.,,, and R, was
found from the potential slope against current.

The potentiodynamic polarization measurements
were recorded +0.350 V cathodic/anodic potential
from E,,,,, respectively. It is applied at a scan rate of
1.0 mV s’ The potentiodynamic polarization mea-
surements were carried out between 298-328 K
ranges of temperatures.

3. Results and Discussion

3.1 EIS, LPR and potentiodynamic polarization
experiments

EIS is a fast and easy technique for investigating
the preservative features of organic compounds onto
metallic materials [14]. This method ensures results
that are more trustworthy especially since it does not
disturb the metal/solution interface in long-term tests
[15]. In order to evaluate the EIS findings obtained at
the end of the one hour waiting period, 1.0 M HCI
solutions containing uninhibited and containing

1.0x10° M, 5.0x10° M, 1.0x10° M, 5.0x10° M and
1.0x10™* M DMT were used as inhibitors. Measure-
ments of EIS, LPR and potentiodynamic polarization
were made at 298 K, and the obtained findings are
given below [16].

The experimental data of the Nyquist diagrams
obtained from the CHI 660B model electrochemical
analyser were recorded as “txt” files and the equiva-
lent circuit of the system was created from these data
by using Zview2 software. This is done for all
Nyquist diagrams. Nyquist diagrams and designed
equivalent electrical circuits of the electrodes in
hydrochloric acid and whole concentrations of DMT
have been demonstrated for 1 h exposure in Fig. 2.
Two equivalent circuit models, one for the uninhib-
ited solution and one for all the inhibitor solutions,
are proposed and these circuits are embedded in Fig-
ure 2 and related parameters are indicated in Table 1.

n% of DMT was determined by the following
equation [17]:

R’ _R
( pRp p) x 100 ()

n(%) =

'

where R', and R, are in inhibited and uninhibited val-
ues, respectively. It is noticed that the addition of
DMT inhibitor in 1.0 M HCI solution gives rise to
increment of resistance because of the adsorption of
DMT molecules on the mild steel surface [18]. This
situation is caused by the protective ability of DMT,
which points out that the charge transfer process
occurring at the interface of the metal/solution was
delayed by DMT molecules. The Nyquist diagrams
are generally a depressed semicircle for mild steel
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Table 1. EIS and LPR parameters for mild steel in 1.0 M HCI without and with different concentrations of DMT at 298 K

for 1h.

C (M) Eon CPE R, R, L R, n 'R, n
(298 K) (V/IAg/AgCl) (uF em™2) " Qem?)  Qem?) H) Qemd) (%) Qcm®) (%)

DMT

Blank -0.474 110 0.94 12 8 4 72 - 71 -
1.0x10° -0.490 90 0.92 1.4 - - 193 62.7 175 59.4
5.0x10¢ -0.481 84 0.90 1.4 - - 318 77.4 284 75.0
1.0x10° -0.481 73 0.87 1.4 - - 366 80.3 357 80.1
5.0x10° -0.483 69 0.84 1.9 - - 451 84.0 453 84.3
1.0x10" -0.476 61 0.82 1.6 - - 531 86.4 544 86.9

*R,and “;: Values determined by linear polarization resistance method.

electrodes and are mostly mentioned to as the fre-
quency dispersion ascribed to roughness and inho-
mogeneity of surface [19]. Compared with the
inhibited solutions, the Nyquist diagram of the blank
solution is understood to being highly conducted with
charge transfer resistance [20].

According to Table 1 and Fig. 2, it can be expressed
that the polarization resistance (R,) in the process of
adsorption to the mild steel surface of the DMT
inhibitor in the 1.0 M HCI solution consists essen-
tially of the total of the film (R,) and pore resistance
(Ryor)- This pore resistance is also responsible for the
charge transfer resistance (R,,), diffuse layer resis-
tance (R,) and, at the same time, resistance of accu-
mulated species (R,) such as corrosion products. The
impedance diagrams obtained at the end of the one-
hour immersion period in the uninhibited and inhib-
ited solutions are not semi-circle but semi-elliptical.
This result is associated with the frequency disper-
sion (scattering). While the R; value in the uninhib-
ited solution was 1.2 W, it did not show a significant
change in the inhibited solution, that is, it did not sig-
nificantly affect the R, value of the inhibitor concen-
tration. The highest value of R, was obtained in the
1.0x10* M DMT solution and was 531 W, so that the
n% value was 86.4%. As results, Nyquist diagrams in
DMT solutions proceed as depressed loops at low
and high frequencies. The higher frequency loop
forms R, and R,, while the lower frequency loop
forms Rrand R,. This finding is harmonious with
studies [21-25]. The CPE value was 110 pF/cm? in
uninhibited solution, but this value gradually
decreased as DMT was added. The E.,,, value was -

0.474 V in the uninhibited solution, but shifted to
potentials that are more negative with the rising DMT
concentration (Tablel).

"R, and "#% values were also identified by LPR
method at the end of 1 h immersion time and are
shown in Table 1 with EIS parameters. From Table 1,
it can be seen that these values are in good agreement
with the EIS values. Considering the results of 1 h
immersion time, the high inhibition effect of the
DMT inhibitor is thought to originate from heteroat-
oms such as nitrogen in its structure and from
unpaired electron pairs in the structure of this nitro-
gen atom as well as n-electrons from two aromatic
rings in the structure of DMT at the same time. Thus,
we can say that the DMT inhibitor achieved a good
inhibition by covering a larger area onto surface of
the Fe due to the large molecule structure.

Fig. 3 shows the Nyquist diagrams after 24, 72 and
120 h immersion times for diverse concentrations of
DMT in 1.0 M HCI for mild steel at 298 K. Referring
to Fig. 3, from the impedance (Nyquist and Bode)
diagrams, as the duration of immersion increases, the
resistance values of both the blank solution and con-
taining the DMT solutions reduces, that is, the diame-
ters of the capacitive loops of Nyquist plots are
reduced. Nevertheless, there is good protection in
long- term duration for mild steel.

At 24 h of exposure to acidic medium containing
DMT inhibitor of mild steel, the electrode surface
reached a more stable state than the first hour mea-
surements and a tightly adsorbed protective layer on
the electrode surface was formed with DMT mole-
cules. This can be easily understood from the fact
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Fig. 3. The Nyquist and Bode diagrams obtained after different
without DMT at different concentrations at 298 K.

that the inhibition efficiency values in Table 2 reach
90.8% to 97.8%. The inhibition efficiency reached
98.2%, the highest value, at the end of the 72 h expo-
sure period with solutions containing 5.0x107 and
1.0x10"* M DMT, and after this hour (72 h), the
decrease with time was marked in the inhibition val-
ues (Table 2).

The time-dependent decrease in the inhibition

exposure times (24-120 h) in 1.0 M HCI solutions with and

efficiency is due to the gradual oxidative dissolution
of the mild steel in prolonged contact with the cor-
rosive medium and the corrosive effect of chloride
ions adsorbable to the inner-Helmholtz layer at the
metal-solution interface and the composition of the
solution changing near the metallic surface [26-30].
However, at the end of the 120 h exposure period, it
is apparently seen that the inhibitor film on the
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Table 2. The related parameters obtained from fitting EIS data for mild steel 1.0 M HCI solution with and without

containing DMT in different exposure time at 298 K.

CPE R, L

c™m R, R, n
Time (Qcm?) (Qcm?) (uF em?) n (Qcm?) H) (%)
24 h 298 K
0 1.2 11 2600 0.95 1.3 1.1 -
1.0x10° 1.2 119 200 0.90 - - 90.8
5.0x10° 1.1 180 180 0.86 - - 93.9
1.0x10° 2.0 200 170 0.84 - - 94.5
5.0x107 22 388 130 0.81 - - 97.2
1.0x10* 1.9 507 100 0.80 - - 97.8
72h 298 K
0 1.2 4 19642 0.90 0.4 0.4 -
1.0x10 1.2 43 1749 0.86 - - 90.7
5.0x10° 1.2 48 1500 0.79 - - 91.7
1.0x107 22 68 1200 0.77 - - 94.1
5.0x10° 1.0 220 370 0.80 - - 98.2
1.0x10* 1.2 227 150 0.83 - - 98.2
120 h 298 K
0 1.4 4 36520 0.89 0.4 0.3 -
1.0x10° 1.2 18 5000 0.80 - - 77.8
5.0x10° 13 25 3000 0.73 - - 84.0
1.0x10° 24 26 2000 0.68 - - 84.6
5.0x107 1.4 50 1000 0.50 - - 92.0
1.0x10* 23 57 800 0.46 - - 93.0

metal/solution interface has begun to be deterio-
rated and dispersed the frequency, but the protection
of the solution containing the DMT inhibitor at the
highest concentration is still 93.0%. This result can
be interpreted DMT covers the metal surface by
composing a strict and preservative layer on the sur-
face.

As shown in Table 2, the addition of the DMT
inhibitor to the acidic medium decreased the CPE
values for each immersion period and increased the
R, values. However, as expected in the corrosion pro-
cess, as the duration of immersion increased, the CPE
values increased and the R, values decreased for each
concentration. This decrease in CPE values is due to
the diminution in the local dielectric constant and/or
the rise in the double layer thickness [31,32]. The
reason for these events is as follows; it may be due to

gradual displacement of previously adsorbed other
ions and water molecules because of adsorption of
DMT molecules to the mild steel surface. The
adsorption of larger inhibitor molecules is also
reduced by the upsurge in the double layer thickness.
“n” is a type of phase shift and is described as the
roughness degree of the surface. In particular, as the
concentration increases, the reduction of the value of
“n” is another indication that the surface roughness is
reduced, that is, adsorbed to the mild steel surface of
the organic molecules [33,34].

The variation of the R, values obtained from the
Nyquist diagrams depending on the concentration
and immersion time is shown in Fig. 4, simplified to
a three-dimensional graph.

It appears clearly from Fig. 4 that the R, values
increase with increasing concentration in each
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immersion period against blank solution. Therefore,
the inhibition efficiency values are also increasing.
As the immersion time is prolonged, it is clear that
the R, values decrease for each concentration as
expected in the corrosion process.

The adsorption of the organic inhbitor to the metal
surface can be explained more clearly by the PZC,
which is the case where the electric charge density on
the surface is zero. The net charge of the metallic sur-
face is calculated by the following formula using EIS
measurements [35,36]:

y= Ecorr - Epzc (2)

where E,,.. is the zero charge potential and the E,, is
the open circuit potential and y is the surface charge.
Metals are usually rounded by positive charged ions
when exposed to an aggressive medium, such as
hydrochloric acid, owing to the electrical field result-
ing from the metal/solution interface. The potential
of zero charge of the mild steel in hydrochloric acid
solution with the addition of 1.0x10* M DMT inhibi-
tor was determined from the EIS measurements after
1 h exposure time. Therefore, the all measured R,
values at stable potential and + 0.205 V (Ag/AgCl)
were recorded and as a result, the R, against the
potential plot was obtained. The plot determined is
indicated in Fig. 5. In general, the metal’s surface
charge is vital in the corrosion adsorption process in
the acidic media. The inhibition mechanism is shaped
according to this surface charge. In Fig. 5, the surface

DMT
E, =-0474V

E,py=-0480 V

0700 0590 -0.480 0370 0260
Evs Ag/AgCI (V)

Fig. 5. Plot of R, versus E (Ag/AgCl) in 1.0x10* M DMT
+ 1.0 M HCl solution at 298 K.

charge can be interpreted by comparing the E.,,, to
the E,,. position.

The metal surface in the solution can be either pos-
itively or negatively charged. If the difference (V')
according to Eq. (2) is positive, the net charge of the
metal surface is positive. In this case, the adsorption
of anions to the surface is preferred, that is, it does
not allow adsorption of the protonated inhibitor mol-
ecules while allowing the adsorption of chloride (CI)
ions to the surface. If the difference (V) is negative,
the net charge of the metal is negative, and in this
case the adsorption of the cations, protonated inhibi-
tor molecules, on the surface is the reason for prefer-
ence. Thus, the inhibitor molecules constitue a
preservative layer onto the metal surface, and this
layer contributes to the corrosion resistance by pre-
venting the metal from directly interacting with the
chloride medium [37,38]. In Fig. 5, (V) is -0.06 V for
1.0x10™* M DMT inhibitor in 1.0 M HCl solution.
This indicates that the potential difference is nega-
tive, meaning that the surface of the metal is nega-
tively charged. This implies that the protonated
cationic DMT molecules interact directly with the
metal surface, forming a protective barrier on the
mild steel surface [39].

The reason for the high inhibition in time-depen-
dent corrosion measurements can be attributed to the
molecular structure of the organic inhibitor. Besides,
the large structure of the molecule is very important
in the study of corrosion inhibition in terms of the
surface area covered. Considering the chemical for-
mula of the molecule, there are two aromatic rings in
the DMT molecule, and these two aromatic rings
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Fig. 6. Potentiodynamic polarization curves obtained at 298-328 K in 1.0 M HCI solutions with and without DMT.

activate the surface area by activating the delocal-
ized m-electrons with the ring. In the structure of
DMT there are contributions to hetero atoms other
than the effect of aromatic rings. For example, due to
the three nitrogen atoms in the triazole ring, the nitro-
gen atoms in the azo group, especially the unpaired
electron pairs over them are highly effective in pro-
tecting the metal in the corrosion process.

Electrochemical behaviour of the mild steel by
another electrochemical method, potentiodynamic
polarization method, was also performed by plotting
semi-logarithmic current-potential curves at 298-
328 K with (1.0x1075-1.0x10"* M) and without DMT
in 1.0 M HCI solutions. The obtained potentiody-
namic polarization curves are shown in Fig. 6 and the
potentiodynamic polarization parameters obtained
from these curves are also given and evaluated in
Table 3. The extrapolation method of the linear part
of the cathodic potentiodynamic polarization curves
to the corrosion potential was applied while calculat-
ing the relevant parameters such as the inhibition
efficiency (#%), corrosion potential (E,,,,), corrosion
current density (i) and the cathodic Tafel constant
(-5

The #% values are calculated by means of the fol-
lowing equation [40]:

(%) = (Z-—-l:—’——) % 100 3)

corr
where i, and i'.,, are the uninhibited and inhibited
corrosion current density values, respectively.

The potentiodynamic polarization measurements
of mild steel electrodes have been conducted at open
circuit potential after being immersed with and with-
out inhibitor in 1.0 M HCl solutions for 60 minutes.
From Fig. 6 and Table 3, it can be clearly seen that all
the i, values accelerate with boosting solution tem-
perature, whereas the i.,,, values diminish with the
addition of DMT inhibitor to HCI solution at each
temperature. As also observed, the i.,,, values at 328
K were higher for all concentrations both inhibited
and uninhibited solution.

As the DMT inhibitor concentration enhances
according to Table 3, the inhibition efficiency values
accelerate slightly and even as the temperature rises,
it remains almost stable except for a few values. It is
observed that solutions containing higher amounts of
DMT provide better inhibition performance. It can be
said that this is due to the abundant aromatic ring in
the molecular structure of DMT and from the n-elec-
trons of this ring, as well as from the azo group and
its non-paired of electron pairs, the triazole ring and
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Table 3. Potentiodynamic polarization parameters without and with varying concentrations of DMT inhibitor for mild steel

corrosion in 1.0 M HCI solution at different temperatures.

Concentrations (M)

Temperature (K)

Blank 1.0x10%¢ 5.0x10°¢ 1.0x10° 5.0x107 1.0x10*
298 K -0.475 -0.486 -0.484 -0.482 -0.485 -0.480
308 K -0.487 -0.470 -0.474 -0.481 -0.471 -0.461
Evo (V/ Ag/AgC))
318K -0.488 -0.465 -0.466 -0.468 -0.465 -0.470
328 K -0.484 -0.451 -0.450 -0.473 -0.461 -0.456
298 K 108 105 100 101 101 102
308 K 109 107 106 113 105 115
-B.(mV dec™)
318 K 128 114 112 115 118 115
328 K 157 117 99 116 118 123
298 K 265 113 81 69 53 43
308 K 440 140 126 114 106 98
icorr (MA Cm-z)
318K 1296 386 358 285 239 178
328 K 2536 780 462 380 360 343
298 K - 57.4 69.4 74.0 80.0 83.8
308 K - 68.2 71.4 74.1 75.9 77.7
1 (%)
318K - 70.2 72.4 78.0 81.6 86.3
328 K - 69.2 81.8 85.0 85.8 86.4

the dimethyl amino group. An adsorption layer is
formed on the surface of the mild steel by means of
unpaired electron pairs in these groups. At 298 K, the
E,,,. values in the existence of the inhibitor shifted to
slightly more negative (cathodic) potentials than the
blank solution, and these values were observed to
shift to slightly more positive potentials as the tem-
perature rose. The E,,,, values have shifted to more
anodic (positive) potentials than the uninhibited solu-
tion with boosting concentration for other tempera-
tures, 308 K, 318 K and 328 K. According to
literature studies, if the shift in corrosion potential is
below +85 mV, the inhibitor is generally considered
to act as a mixed-type inhibitor [41-43]. In view of
these, it can be said that the DMT inhibitor acts as a
cathodic controlled mixed type inhibitor because it is
prone to slightly more cathodic potential shift at
298 K and also acts as an anodic controlled mixed
type inhibitor because it is prone to slightly more
anodic potential shift at the other three high tempera-
tures. As a result, there is no ground-breaking alter-
ation in E_,,, values in the existence of DMT
inhibitor, so it can be said that the DMT inhibitor

generally exhibits a mixed-type inhibitor system in
four different temperatures in the 1.0 M HCI medium
[44]. In addition, in some studies, it is stated that
mixed-type inhibition mechanisms have geometric
blocking mechanisms onto the metal surface [45,46].

Usually, the known approach is: As the higher tem-
peratures are reached, the corrosion rate of the metal
rises in the inhibited medium, which can be clarified
by the desorption of the inhibitor from the surface of
the metal with an increment in temperature. This phe-
nomenon also brings about physical adsorption. In
other words, it is a situation described by the dis-
placement of adsorbed inhibitor molecules onto the
metal surface with water molecules (weak Van der
Waals interactions) [47,48]. However, when Table 3
is taken into account, the inhibition efficiency at each
concentration slightly accelerates and remains almost
constant. In some literature findings, chemical
adsorption indicates that the increment in inhibitor
efficiency values or not much change [21,49,50].
Inhibition performance is expected to diminish as the
temperature boosts, but rather high being can be
ascribed to the inhibition of the DMT inhibitor,
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Fig. 7. Langmuir isotherms of mild steel surface in diverse temperatures for DMT adsorption.

which is formed on the mild steel surface, together
with the corrosion products [51]. Furthermore, since
the molecule is large due to its structure, it can be
interpreted that the inhibition efficiency is upsurged
without the possibility of desorption due to its
adsorption by covering the metal surface like a blan-
ket even at high temperatures.

In the Tafel measurements, the ultimate inhibition
efficiency value was calculated as 86.4% with
1.0x10"* M DMT solution at 328 K, because the iy,
values attenuated as the concentration upsurged com-
pared to the non-inhibited system. The hydrogen
reduction rate is equal to the dissolution rate of the
metal at the corrosion potential. Referring to Table 3
for cathodic Tafel constants, these values displayed
no substantial alteration in addition of DMT to the
medium compared to the blank solution. This phe-
nomenon also occurs in temperature enhancement for
each concentration of DMT. Therefore, this reveals
that DMT, whose corrosion inhibitor effect is exam-
ined, does not affect cathodic reaction too much. In
this case, it can be assessed that the inhibitor does not
have a direct impress on the hydrogen evolution
kinetics. According to Fig. 6, the parallelism of the
Tafel curves is involved to the fact that 5. values
remain unaltered. In this case, the reaction of hydro-
gen evolution is activation controlled and the corro-

sion process is not made an influence by the DMT
inhibitor [52]. The adsorption of the DMT to the mild
steel surface is such that it covers the surface with a
protective barrier film. High levels of inhibition effi-
ciency can also be explained by adsorption of the
DMT inhibitor to the metallic surface with the corro-
sion products composed in the process.

3.2. Adsorption isotherm findings

Adsorption isotherm is a convenient method for
predicting the inhibition mechanism of the inhibitor
on the metal surface. In particular, it is a method that
helps to understand the interaction type of metal with
the inhibitor. Therefore, in this study, some adsorption
isotherms were tested according to EIS measurement
results for 1 h at 298 K and the best regression constant
(R?) value was obtained by Langmuir isotherm. After
determination of the isotherm model, Langmuir graphs
in Fig. 7 were generated by using #% values obtained
from potentiodynamic polarization experiments in the
range of 298 K-328 K to determine the type of adsorp-
tion in temperature alteration.

These isotherm curves were created by the follow-
ing equation [53].

C,.
—Gnm) _ 1~ 4)
0 K(ads)
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Table 4. Thermodynamic adsorption parameters of DMT
inhibitor obtained from Langmuir isotherms at different
temperatures.

Temperature (K) Kus (L mol™) AG 445 (kT mol ™)
298 1000000.00 -44.18
308 1666666.67 -46.97
318 1000000.00 -47.14
328 333333333 -51.91

Where, Ois the surface coverage fraction and is
obtained by dividing the inhibition efficiency values
by 100 in Table 4, C ) and K 44 values are the DMT
concentration and the adsorption equilibrium con-
stant, respectively.

The values adsorption free energy (AG®,4) and K s
presented in Table 4 are calculated through the fol-
lowing equation.

1 AG’ad
K, = 5—5—5exp(— R; S) %)

Where R is molar gase constant (8.314 J mol™ K™),
55.5 is molar concentration of water and T is the
value of the different temperatures in Kelvin. An
organic molecule usually interacts physically or
chemically with the metal surface in two ways. There

IIf

Gl

. .lfu + Fe + Fe +

Fe +

. . Gl

are weak electrostatic interactions between the metal
surface and the inhibitor, such as Van der Waals, in
physical adsorption and the literature findings sup-
port that the AG®,4 values are -20 kJ mol” or less. In
chemical adsorption, on the contrary, there is a coor-
dinated type of bond formation between the metal
surface and the organic inhibitor molecule which
supports charge transfer or sharing, and the literature
findings support that the AG°,;; values are -40 kJ mol!
or higher [50,54,55]. In Table 4, the AG’, values at
all temperatures were even more negative than -40 kJ
mol™. In this case, it can be said that the DMT inhibi-
tor interacts strongly with the mild steel surface by
sharing the charge. Unshared electron pairs of nitro-
gen atoms in the structure of the DMT molecule are
strong adsorption centres. These electrons interact
with the d-orbitals of Fe to compose a film that is
chemically adsorbed onto the metal surface, thereby
providing inhibition. In order to understand the inter-
action of DMT molecule with the mild steel surface,
a possible adsorption model is proposed below.

3.3. Activation energy findings by Arrhenius
equation

Activation energy is the minimum energy value
that must be exceeded before a chemical reaction can
take place. In other words, it is the amount of energy

T electrons of
benzene rings

Retro
donation

.+ Fe + Fet+ Fe + ..+ Fe +

Fig. 8. Schematic representation of the adsorption behaviour of DMT molecules on a mild steel surface in 1.0 M HCI
solution: (a) Retro donation from benzene and triazolium rings, (b) Chemical adsorption (c) Electrostatic interaction

(physical adsorption).
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Table 5. The calculated E, values for mild steel in 1.0 M HCI and existence of various DMT concentrations.

Blank 1.0x10° M 5.0x10°M 1.0x10°M 5.0x10°M 1.0x10* M

E, (k] mol™") 63.7 55.0 51.0 49.1 534 55.5
8 OL10° M the upsurged inhibition efficiency values with the rise
o 250065 M in temperature is indicative of an explicit interaction
E Pt ok between the mild steel surface and DMT molecules
<6 g accompanying with the constitution of the DMT-Fe**
"-; e complex. ansequently, the inhibitor molecules mgst
- o be at a certain distance from the metal surface, with
w0l “ﬂo_s 7 the number of particles exceeding the threshold
3 e energy (the minimum energy required) correspond-
3 3l 32 33 34 ingly increasing. That is, the collision frequencies

10T (K

Fig 9. Arrhenius plots for mild steel in the absence and
presence of DMT inhibitor in 1.0 M HCl solution.

that causes all molecules in a mole substrate to pass
through [56]. Each chemical reaction has its own
activation energy and can be calculated by the fol-
lowing Arrhenius equation [57].

Ea
corr) = Ind _1—37“ (6)

In(i

Where E, symbolizes the corrosion activation
energy, T the experimental temperature, i, the cor-
rosion rate, 4 the pre-exponential factor and R the
universal gas constant. In this calculation, i, values
acquired from potentiodynamic polarization experi-
ments for various concentrations at different tem-
peratures were utilized. A graph of In (i,,) against 1/
T without and with the DMT inhibitor in 1.0 M HC1
solution grants linear lines and the slope of this graph
is - E,/R as indicated in Fig. 9.

The E, values calculated from Arrhenius lines for
each concentration of the DMT inhibitor are as pre-
sented in Table 5.

As can be seen from Table 5, the £, values at all
concentrations of DMT were less than those of the
blank solution. According to the literature reviews,
this is characteristic of classical chemisorption mech-
anism [58,59]. The diminution in E, values with an
upsurge in the DMT concentration in the 1.0 M HCI
solution can be attributed to the accelerated adsorp-
tion of DMT onto the mild steel surface with the
enhancement in electrolyte temperature. A diminish-
ing E, value for the inhibited solutions merged with

should be able to fabricate the energy needed up to
this threshold. This temperature kinetics suggested
that the DMT molecule, which has a very large
molecular structure, slowed down the corrosion pro-
cess by covering the mild steel surface as a shroud
and filling the gaps on the metal surface. It has been
achieved in particular by the coordination bond
between the unshared electron pairs of nitrogen
atoms abundantly present in the molecular structure
and the free d-orbitals of Fe metal. This coordination
bond caused the molecule to be chemically and
strongly adsorbed to the metal surface.

3.4. Structural surface morphology findings

In order to understand the structural analysis of the
metal surface, morphological images were taken by
three different methods. Metal microscopy (Figure
10) [60], FE-SEM at 200 times magnification (Figure
11) [61] and AFM images (Figure 12 and Figure 13)
[62] were evaluated. All morphologies were realized
in 1.0 M HCl solutions with and without 1.0x10™* M
DMT at a temperature of 298 K and an immersion
time of 120 hours.

When the surface morphology obtained by all three
surface techniques were evaluated, it was found that
the electrodes immersed in the blank solution for
120 h were highly affected by the hydrochloric acid
solution. The deep cavities, i.e. the pits, are shown in
Fig. 10a and Fig. 11a. In addition, Fig. 10b and Fig.
11b, the surface morphology of the mild steel in the
inhibited solution is extremely smooth and more uni-
form. In particular, the considerable reduction in the
number of pits and cavities that are too prominent in
the blank solution suggests that the result is that the
surface is better covered with the inhibitor [63,64].
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Fig.12. Surface images of the mild steels in blank solution by AFM technique after 120 h at 298 K.
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Fig. 13. Surface images of the mild steels in 1.0x10“* M DMT + 1.0 M HCl solution by AFM technique after 120 h at 208 K.

Figs. 12 and 13 show the two-dimensional (2D) and
the three-dimensional (3D) AFM images of 1.0 M
HCI solutions without inhibitor and containing
1.0x10* M DMT inhibitor. These images grant infor-
mation about the surface roughness and flexibility of
the electrodes. AFM technique gives the researchers
the opportunity to compare the solutions with and
without inhibitors, giving the average surface rough-
ness values (R,) of the electrodes, which are surface
imaged especially in corrosion inhibitor studies.
According to the image statistics, the R, value of the
mild steel in the blank solution that was kept for
120 h was 197.66 nm (Fig. 12), whereas the R, value
of the electrode immersed in DMT solution was mea-
sured as 38.934 nm (Fig. 13). The diminution of R, in
the blank solution when DMT was added to the
medium was supportive of the findings throughout
the study. That is, this is a separate indicator that the
inhibitor protects the mild steel surface by covering it
very well. In addition, the obtained surface structure
findings were highly compatible with all electro-
chemical measurements [65-67].

4. Conclusions

The DMT azo dye applied as a new type of inhibi-
tor for mild steel in acidic medium is exhibited good
inhibition. The functionality of this cationic azo dye,
which is used in dyeing of carpet, yarn and fibre in
textile industry, was investigated in a different indus-
trial area with this study. In the EIS measurements of
different electrochemical methods tested, DMT mol-
ecule was very well adsorbed to the mild steel surface
with the decreasing CPE values in response to
increasing R, values and provided a good inhibition.
LPR measurements supported this finding. Further-
more, as the exposure of this azo dye to the acidic
solution increased, the metal protection effect was
still above 90% for optimum concentration. From the
EIS measurements, the surface charge of the mild
steel was found to be negative. As a result of this
information, it was decided that protonated DMT
molecules were adsorbed directly to mild steel. There
is no noteworthy deviation in the E,,,, values of the
DMT azo dye from the potentiodynamic polarization
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measurements, so it can be said that the DMT inhibi-
tor exhibits a mixed-type inhibitor effect at four tem-
peratures in 1.0 M HCl solution. DMT azo dye was
adsorbed to the mild steel surface according to Lang-
muir isotherm. The AG°,; values calculated at each
temperature are more negative than -40 kJ mol™ and
the lower E, values in the inhibited solutions than in
the uninhibited one has been suggested as strong evi-
dence that adsorption is chemisorption. Finally, metal
microscopy, FE-SEM and AFM micrographs
expressly designate that the corrosion process of mild
steel in hydrochloric acid conceive the composing
deep cavity and pits and incorporation of DMT azo
dye to 1.0 M HCI intemperately attenuate the corro-
sion and the surface gets more glazed.
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