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Abstract

Inhibiting effect of 3,4-diamino-5-phenyl-4H-1,2,4-triazole(TR) on carbon steel corrosion (CS) in 1M HCI
solution was investigated by electrochemical impedance spectroscopy and potentiodynamic polarization
measurements at 303-333 K in the presence of different concentrations of inhibitor study ranging from 10°M to
10°M. Potentiodynamic polarization study clearly revealed that the compound acted as the mixed type inhibitor.
The inhibition efficiency decreases with rising temperature. Impedance measurements showed that the double-
layer capacitance decreased and charge-transfer resistance increased with increase in the inhibitor concentration
and hence increasing in inhibition efficiency. The results obtained from the different methods are in good
agreement. Adsorption followed Langmuir isotherm with negative value of AG®,s suggesting a stable and
spontaneous inhibition process.

Keywords: Carbon steel C35, EIS, potentiodynamic polarization, Acid media.

1. Introduction

Ever since its first production roughly 4,000 years ago, iron has played a central role in human society due to its
excellent mechanical properties and the abundance of its ores. Today, iron is used in much larger quantities than
any other metallic material and is indispensable in infrastructure, transportation, and manufacturing. The steel is
widely used in many applications such as desalination plants, construction materials, pharmaceutical industry,
and thermal power plant, due to their stability, good corrosion resistance, high strength, workability and weld
ability [1-10]. Acid solutions are generally used for the removal of undesirable scale and rust in severalindustrial
processes. Hydrochloric and sulphuric acids are widely used in the pickling processes of metals; however, these
acids attack the metal and initiate corrosion. This corrosion can cause serious damage to the metal and degrade
its properties, thereby limiting its applications [11,12]. One of the most practical methods for protection against
corrosion and prevention of unexpected metal dissolution and acid consumption, especially in acidic mediais the
use of inhibitors. Different organic and inorganic compounds have been studied as inhibitors to protect metals
from corrosive attack. Most of the excellent acid inhibitors are organic compounds containing nitrogen [13-15],
oxygen [16-19], phosphorus [20] and sulphur [21-24], because they facilitated its adsorption on the metal
surface [25, 26]. Among several categories of triazole compounds, there are the triazole class [27]. The structure
of these molecules contains three nitrogen atoms in its penta ring, and is well known as the non-toxic chemicals
compounds [26]. For these reasons, they have been the subject of many studies on their ability to act as
corrosion inhibitors for various metals and alloys [26,28-30]. Many researchers have reported the different
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activities of 4-amino-1, 2,4-triazoles [31,32]. These heterocyclic systems have important industrial, agro-
chemical, pharmaceutical and chemical applications [33]. In this contribution, we have investigated the effect of
addition of 3,4-diamino-5-phenyl-4H-1,2,4-triazole (TR) on the corrosion inhibition of carbon steel in 1 M HCI
medium by electrochemical impedance spectroscopy (EIS) and polarization curves. Adsorption mode and
corrosion inhibition mechanism on the carbon steel surface were discussed. Figure 1 shows the molecular
structure of the triazole derivative utilised in this investigation.
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Figure 1: Chemical structure of 3,4-diamino-5-phenyl-4H-1,2,4-triazole (TR)

2. Experimental
2.1.Solutions and carbon steel samples preparation

The 1M solution of HCI was prepared by dilution of analytical grade HCI 37% with distilled water. The test
solutions were freshly prepared before each experiment by adding inhibitor TRdirectly to the corrosive solution.
Concentrations of inhibitor TR were 10°M to 10°M.

All studies were carried out using Carbon Steel (CS) sample of composition (Euronorm: C35E carbon steel and
US specification: SAE 1035), the steel sample (0.370 % C, 0.230 % Si, 0.680 % Mn, 0.016 % S, 0.077 % Cr,
0.011 % Ti, 0.059 % Ni, 0.009 % Co, 0.160 % Cu and the remainder iron (Fe)) were polished with emery paper
up to 1200 grade to obtain very smooth surface, washed thoroughly with double-distilled water, degreased with
acetone and dried at room temperature. For electrochemical studies, specimens with an exposed area of 1cm?
were used.

2.2.Synthesis

Synthesis of 3,4-diamino-5-phenyl-4H-1,2,4-triazole
The required precursor, 3,4-diamino-5-phenyl-4H-1,2,4-triazole were prepared from methyl benzoate which
were then converted to aroyl hydrazine by refluxing with hydrazine hydrate in ethanol followed by conversion
to aroylthiosemicarbazide on heating with potassium thiocyanate in agHCI. Aroylthiosemicarbazide were then
converted to 5-aryl-1.2.4-thiadiazoles, were then converted to 5-aryl-1.2.4-triazoles by refluxing with hydrazine
hydrate in ethanol for 4 hours.

n—N N—N

/ >\NH2 / >\NH2
s NH2NH2, H20 N\
NH,

The compound was characterized by N.M.R. *H-NMR (DMSO-d6) (5 ppm): 6.99(s,2H,NH,), 5.77(s,2H,NH,),
8.29(d,1H;CH), 7.51(t,1H,CH) 7.41(t,1H,CH),. *C-NMR (DMSO-d6) (5 ppm): 155.8(C=N), 129.2(C=C),
151.1(C=C).

2.3. Electrochemicalmeasurements

2.3.1 Electrochemicalimpedancespectroscopy

The electrochemical measurements were carried out using VoltaLab (Tacussel- Radiometer PGZ 100)
potentiostat and controlled by Tacussel corrosion analysis software model (Voltamaster 4) at under static
condition. The corrosion cell used had three electrodes. The reference electrode was a saturated calomel
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electrode (SCE). A platinum electrode was used as auxiliary electrode of surface area of 1cm? The working
electrode was carbon steel. All potentials given in this study were referred to this reference electrode. The
working electrode was immersed in test solution for 30 minutes to a establish steady state open circuit
potential (Eop). After measuring the (Eop), the electrochemical measurements were performed. All
electrochemical tests have been performed in aerated solutions at 303 K. The EIS experiments were conducted
in the frequency range from high limit of 100 kHz to low limit 0.1 Hz at open circuit potential, with 10 points
per decade, at the rest potential, after 30 min of acid immersion.The best semicircle can be fit through the data
points in the Nyquist plot using a non-linear least square fit so as to give the intersections with the x-axis.

The inhibition efficiency of the inhibitor was calculated from the charge transfer resistance values using the
following equation:

Rlct - Rct

n,% = R x 100 (D

1
Where, R’ and R’ are the charge transfer resistance in absence and in presence of inhibitor, respectively.

2.4. Potentiodynamicpolarization

The electrochemical behavior of carbon steel sample in inhibited and uninhibited solution was studied by
recording anodic and cathodicpotentiodynamic polarization (PDP) curves. Measurements were performed in
the 1M HCI solution containing different concentrations of the tested inhibitor by changing the electrode
potential automatically from -800 mV to 0 mV versus corrosion potential at a scan rate of 2 mVs™. The linear
Tafel segments of anodic and cathodic curves were extrapolated to corrosion potential to obtain corrosion
current densities (icor). From the polarization curves obtained, the corrosion current (icor) Was calculated by
curve fitting using the equation:

. . 2.3AE 2.3AE
1 = leorr [exp (B_> - eXp’-f@ﬁ—)] (2)
The inhibition efficiency was evaluated from the measured i, values using the relationship:
iorr — I
Mratel %0 = H X 100 3)
corr

Where, i oo and i are the corrosion current density in absence and presence of inhibitor, respectively.

3.Results and discussion

3.1. Potentiodynamicpolarization measurements

The potentiodynamic polarization curves of the CS electrode in 1M HCI obtained with and without various
concentrations of used TR (ranging between 10°M and 10°M) is presented in Fig.2. Electrochemical parameters
such as corrosion current density (icor), corrosion potential (E.), Tafel slope constants calculated from
Tafelplots (-B.), anodic Tafel slope (B.), the inhibition efficiency (mr.% ), and the degree of surface coverage
(6) were determined by Tafel extrapolation method at all studied concentrations are given in Table 1.

Table 1: Polarization data of CS in 1M HCI without and with addition of TR at 303 K.

Inhibitor C Ecorr Icorr Ba 'BC NTafel 0
(M) (mV/SCE) (mAcm?) | (mV dec?) (mV dec™) %

Blank 1M 477 0.583 101.4 137.8 - -
10° -470 0.357 75.1 68.3 39 | 0.39

TR 10° -461 0.207 74 50.4 65 | 0.65
10* -462 0.129 73.1 46.4 78 | 0.78

10° -483 0.061 58.4 46.5 90 | 0.90
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Figure 2:Potentiodynamic polarization curves for carbon steel at 303 K in 1M HCI solution in the
absence and the presence of various concentrations of TR.

It is seen that the addition of TR affects the polarization curves and consequently decreases i Significantly, due
to increase in the blocked fraction of electrode surface by adsorption. Cathodic curves gave rise to parallel Tafel
lines indicating that the hydrogen evolution is activation controlled and the reduction mechanism is not affected
by the presence of inhibitor. These results demonstrated that the hydrogen evolution reaction was inhibited and
that the inhibition efficiency increased withincreasing concentration of the inhibitor.

The presence of inhibitor does not cause any significant shift in the E values for all concentration. This
implies that the inhibitor TR acts as a mixed-type inhibitor, affecting both anodic and cathodic reactions [34].
According to Riggs and coworkers [35], if the displacement in corrosion potential is more than +85 mV/SCE
with respect to the corrosion potential of the blank, the inhibitor can be considered as a cathodic or anodic type,
but the maximum displacement in the present case is less than 20 mV/SCE, which indicates that TR is a mixed-
type inhibitor.

3.2. Electrochemical impedance spectroscopy measurements
Electrochemical impedance spectroscopy (EIS) is an effective method for corrosion studies of metallic
materials. The effect of TR concentration on the impedance spectra of carbon steel in 1M HCI solutions at 303
K is recorded in Fig. 4 (Nyquist plots). It is clear to see that the impedance spectra are significantly changed
with addition of different TR concentration. From the Nyquist plots, it was also observed that, even the presence
of TR does not alter the style of impedance plots, thus indicating the addition of TR does not change the
mechanism for the dissolution of carbon steel in 1M HCI solution [36, 37].
The fitted impedance parameters derived from Nyquist diagrams (R, R, Q and n) and inhibition efficiency are
listed in Table 2. Estimates of the margins of error calculated for the parameters are also presented in Table 2.
The diagrams are composed of one capacitive loop. The capacitive loop was related to charge-transfer in
corrosion process [38]. The impedance spectra are single depressed semicircles, this is often attributed to
frequency dispersion as result of the inhomogeneity of structural or interfacial origin, such as those found in
adsorption processes [39,40], and the diameter of the semicircle increases with increasing inhibitor
concentration.
Results obtained show that R increases and Cq tends to decrease with increasing the inhibitor concentration
may suggest the formation of a protective layer on the electrode surface. A decrease in the Cq values, which can
result from a decrease in the local dielectric constant and/or an increase in the thickness of the electrical double
layer, according to the expression of the double layer capacity presented in the Helmotz model by [41]:

Ca = %5 4)
Where 0 is the thickness of the double layer, S is the area of the electrode, g, is the permittivity of vacuum (8.85
x 10™** F/cm) and « is the local dielectric constant. This data suggests that the inhibitor acted by adsorption at
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the metal solution/interface [42]. The Nyquist plots are analyzed in terms of the equivalent circuit composed
with a constant phase element (CPE)The CPE impedance is defined by two values, Q and his described by the
equation [43, 44]:

Zepg = Q7L (iw)™ (5)

Where Q(in Q'cm™s™) is the CPE constant, o is the angular frequency (rad.s™), such as i* = -1 is the imaginary
number and n is a CPE exponent which can be used as a gauge of the heterogeneity or roughness of the
surface[45, 46].

The CPE behavior can be quantified by plotting the imaginary part of the impedance as a function of frequency
in logarithmic coordinates. The parameters associated with capacitive loop (Q, n and R)were determined by
regression of the simple equivalent circuit presented in Fig.4. The regression results are presented in Table 2. In
the same table, are also shown the calculated ‘‘double layer capacitance’” values (Cg), Using equation [47—49]:

1
Ca = (Q X RE™n (6)

For analysis of the impedance spectra containing a single capacitive semicircle, the standard Randle’s circuit is
used [50] (Fig. 3). This circuit gives an accurate fit to all experimental impedance data for our compounds. The
equivalent circuit is composed of a solution resistance (R;), charge transfer resistance (R.;) and a constant phase
angle (CPE).

Rs CPE
- N

EnVAYA 2
Ret

VAA

Figure 3: The equivalent circuit model of EIS
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Figure 4:Nyquist diagrams for carbon steel in 1M HCI containing different concentrations of TR at 303K

Table 2:Corrosion parameters obtained by impedance measurements for carbon steel in 1M HCI at various
concentrations of TR

10"Q

Conc R Ret N Cal n
(M) (Q cm?) (Q cm?) (Q'cm?s™) (uF cm®) | (%)
Blank | 1M | 0.54+0.02 | 20.27+0.44 | 4.65+0.05 | 0.80+0.005 | 149.15 -
10° | 1.34+0.03 | 29.54+0.47 3.09+0.2 | 0.82+0.009 | 101.47 32
TR 10° | 1.5140.03 | 52.29+0.77 | 2.42+0.1 | 0.834+0.008 81.44 61
10" | 1.5840.03 | 74.51+1.20 | 1.67+0.09 | 0.8340.007 52.09 73
10° | 1.9240.03 | 116+1.20 0.874+0.03 | 0.89+0.005 39.73 83
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3.3. Effect of temperature

The effect of temperature on the inhibited acid/metal reaction is very complex. Because many changes occur on
the metal surface such as rapid etching desorption of inhibitor and the inhibitor itself may undergoes
decomposition [51]. To evaluate the adsorption of TR and activation parameters of the corrosion processes of
steel in acidic media, polarization measurements are investigated in the absence and presence of inhibitor and
also in the range of temperature 303-333 K. The polarization curves of Carbon steel in 1M HCI solution are as
shown in Fig.5 in two different conditions, without inhibitor and also in the presence of TR in the temperature
range (303-333 K).

The numerical values of the variation of corrosion current density (i), corrosion potential (Ecr), cathodic
Tafel slope (B.) and anodic Tafel slope (3,) with the inhibitor at all studied temperatures are given in Table 3.
Close examination of Table 3 shows that an increase in temperature increases iq. The results also indicate that
the inhibition efficiencies decreased with temperature. Such behavior can be interpreted on the basis that the
inhibitor acts by adsorbing onto metal surface, and an increase in temperature results in the desorption of some
adsorbed inhibitor molecules, leading to a decrease in the inhibition efficiency [52].
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Figure 5: Effect of temperature on the behavior of carbon steel/IM HCI interface in (1) uninhibited solution, (2)
at 10°M of TR.

Table 3: Temperature influence on the PDP parameters for carbon steel in 1M HCI without and withHCI
(1M)+10° M of TR at range temperature 303K-333K.

Temperature Ecorr icorr Ba -Bc n ®
(K) (MV/SCE) | (mAcm?) | (mVdec?) | (mV dec?) | (%)
303 -AT7 0.583 101.4 137.8 - -
1M HCI 313 -457.7 0.781 78.7 88.1 - -
323 -447.5 0.882 53.5 47.6 - -
333 -455.1 0.999 18.6 317 - -
TR 303 -483.2 0.061 58.4 46.5 89. 0.89
5
313 -468.4 0.237 62.1 92.7 70 0.70
323 -462.6 0.329 61.8 66.1 63 0.63
333 -472.8 0.473 67.7 72.7 53 0.53

3.4. Thermodynamic parameters
The activation energy, enthalpy and entropy of adsorption (E,, AH, and AS;) can be calculated using the
Arrhenius Eq. (7) and transition state Eq.(8) [53]:

E
lcorr = Aexp <_ R_;"v) (7)
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. RT AS, AH,
o = e () e (- 57) - @

Where E, is the apparent activation corrosion energy, R is the universal gas constant, A is the Arrhenius pre-
exponential factor, h is Plank’s constant, N is Avogadro’s number, AS, is the entropy of activation and AH, is
the enthalpy of activation.

Arrhenius plots for the corrosion rate of carbon steel are given in Fig.6. Values of apparent activation energy of
corrosion (E,) were determined from the slope of In(icr) vs. 1/T plots and shown in Table 4. The linear
regression coefficient was close to 1, indicating that the carbon steel corrosion in chlorhydric acid can be
elucidated using the kinetic model. The calculated value of E, in the absence of inhibitor (15. k] mol™) is in the
same order of magnitude as that previously described [54-56].The obtained E, values in the presence TR is
56.26kJ mol™.

The increase value of the E, in presence of inhibitor when compared to that in its absence may be interpreted as
physical adsorption [57].

The increase in activation energy can be attributed to an appreciable decrease in the adsorption of the inhibitor
on the steel surface with increase in temperature [58].

Fig. 8 shows a plot of In (ic/T) vs. 1/T. A straight lines are obtained with a slope of (AH, /R) and an intercept

of (In (1\%) +A%) from which the values of AH, and AS, are calculated and listed in Table 4. Inspection of these

data reveals that the AH, value for dissolution reaction of carbon steel is higher in the presence of TR
(AH,=52.97 kJ mol™) than that in its absence (AH,=20.80 kJ mol™). The positive signs of AH, reflect the
endothermic nature of the carbon steel dissolution process suggesting that its dissolution is slow in the presence
of TR [59]. On comparing the values of the entropy of activation decreases negatively to a greater extent in the
presence of TR than in the absence of inhibitor; this reflects the formation of an ordered stable layer of inhibitor
on the steel surface [60]. The entropy of activation AS, is more important in the presence of TR than in the
absence of inhibitor; this reflects the formation of an disordered stable film of inhibitor on the steel surface.
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Figure 6: Arrhenius plots for carbon steel icr in 1 M HCI in absence and in presence 103 M of TR.

3.5. Adsorption considerations

It is well recognized that the first step in inhibition of metallic corrosion is the adsorption of organic inhibitor
molecules at the metal/solution interface and that the adsorption depends on the molecule’s chemical
composition, the temperature and the electrochemical potential at the metal/solution interface. In fact, the
solvent H,O molecules could also adsorb at metal/solution interface. So the adsorption of organic inhibitor
molecules from the aqueous solution can be regarded as a quasi-substitution process between the organic
compounds in the aqueous phase [Orgsn] and water molecules at the electrode surface [H,Oqs] [61]:
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Orgsont XH2O ags) >XHoO 50y +OrGagsy  (9)

where X is the size ratio, that is, the number of water molecules replaced by one organic inhibitor.
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Figure 7: Transition-state plots for carbon steel i in 1M HCI in absence and in presence 10 M of TR.

Table 4: Corrosion kinetic parameters for carbon steel in 1M HCI in absence and presence 10°M of TR.

Inhibitor E. AH AS
(KJ.mol™) (Kdmol™) | (J.mol™.K™
Blank 15.07 20.80 -180.97
TR 56.26 52.97 -91.21

Basic information on the interaction between the inhibitor and the carbon steel surface can be provided by the
adsorption isotherm. In order to obtain the isotherm, the linear relation between degree of surface coverage (0)
values and inhibitor concentration (C;y,) must be found. Attempts were made to fit the 0 values to various
isotherms including Langmuir, Temkin, Frumkin and Flory—Huggins. The best linear relationship was attained
using Langmuir adsorption isotherm. This model has also been used for other inhibitor systems [62, 63].
According to this isotherm, 0 is related to C,, by:

0
18 Kads Cinn (10)
By rearranging this equation:
Cin 1
o = i+ Cimn (12)

Where K4 denotes the equilibrium constant for the adsorption process.

Fig. 8 shows the plots of C;,/6 versus Ci,, and the expected linear relationship is obtained for all compounds.
The strong correlations (R? = 0.99982 for the compound TR) confirm the validity of this approach.
The values of K, obtained from the Langmuir adsorption isotherm are listed in Table 5, together with the

values of the Gibbs free energy of adsorption AG®, calculated from the equation:
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o

AG;4 = —RTIn(55.5K,q;) (12)

where R is the universal gas constant, T the thermodynamic temperature and the value of 55.5 is the
concentration of water in the solution [64].

The value K, calculated from the reciprocal of intercept of isotherm line is indicating in the Table 5. The high
value of the adsorption equilibrium constant reflects the high adsorption ability of this inhibitor on carbon steel
surface.
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Figure 8: Langmuir adsorption of TR on the carbon steel surface in HCI solution.

Table 5: Thermodynamic parameters for the adsorption of TR in 1M HCI on the carbon steel at 303K.

Inhibitor Slope Kags (M) R AG® q5(kJ/mol)
TR 1.10458 | 0.1330E6 | 0.99982 -39.84

The negative sign of AG°,,demonstrates that the inhibitor is spontaneously adsorbed onto the metal surface.
Normally, the magnitude of AG®,4 around -20 kJ mol™ or less negative is assumed for electrostatic interactions
exist between inhibitor and the charged metal surface (physisorption). Those around -40 kJ mol™ or more
negative are indication of charge sharing or transferring from organic species to the metal surface to form a
coordinate type of metal bond (chemisorption). The values of AG°®,4s are between these two, but modestly closer
to -40 kJ mol™. Therefore, it can be interpreted that the adsorption of this inhibitor on the steel surface takes
place through both chemical and physical adsorption namely mixed type [65].

Conclusions
The study of 3,4-diamino-5-phenyl-4H-1,2 4-triazole (TR) as a new and effective corrosion inhibitor of CS in
1M HCI solution was conducted using EIS and current—potential measurements. From the results obtained
herein, the following points were concluded:
TR exhibits good inhibitive properties for carbon steel (CS) corrosion in 1M HCI solution and the efficiency of
inhibition increases with increased inhibitor concentration.
e This inhibitor acted as a mixed-type inhibitor of corrosion by decreasing both cathodic hydrogen
reduction reactions and anodic metal dissolution.
e The data obtained from the two different methods PDP and EIS are in good agreement.
e The EIS spectra are described well by relatively simple structural model distributed and therefore
modeled by a CPE element.
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e The inhibition efficiency decreased with increasing temperature as a result of the higher dissolution of
carbon steel at higher temperatures. The addition of TR leads to increase of the activation energy of the
COrrosion process.

e TR adsorbs according to the Langmuir isotherm model, and the negative value of ®G°,; is a sign of
spontaneous adsorption on the metal surface.

e The positive signs of AH, reflect the endothermic nature of the carbon steel dissolution process
The entropy of activation AS, increase in the presence of TR than in the absence of inhibitor; this
reflects the formation of an disordered stable layer of inhibitor on the steel surface
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