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ABSTRACT

This work is devoted to examine the effectivené&sroéthyl-1H-pyrazole-3-carbohydrazide(MPC) on csion of

mild steel in 1 M HCI solution using the weightdaseasurement at various temperature and concémtraffects.
Polarization curves and electrochemical impedanpecsoscopy (EIS) methods were employed to evaluate
corrosion rate and inhibition efficiency. Inhibitioefficiency 0095% is reached with 1 M of (MPC) at 308 K.
Potentiodynamic polarization showed that the MP@Gawes as mixed-type inhibitor. The Nyquist plotsastd that
increasing MPC concentration, charge-transfer remige increased and double-layer capacitance dewméa
involving increased inhibition efficiency. Adsogatiof the inhibitor molecules corresponds to Langradsorption
isotherm. Quantum chemical calculations showed thatinhibitor has the tendency to be protonatedhia acid

and the results agree with experimental observation

Key words: Mild Steel, HCI, Corrosion inhibition, MPC, Weight lo&ectrochemical, DFT method

INTRODUCTION

The many interesting properties of mild steel ardalloy (well as low cost) have endeared the metdle utilized

in various industrial applications. However, theseperties are lost to corrosion when the metdejsloyed in long
term service in a corrosive environment. Therefdre imperative for the metal to be protectediagacorrosion
when intended for use in such an environment. Séwegpproaches have been employed toward boostimg th
corrosion resistance ability of mild steel [1]

The corrosion of metals, including mild steel, iseaious problem in many industries, especiallyirduprocesses
such as the pickling of steel, acid washing andietc[2, 3]. The study of corrosion processes dugir tinhibition
by organic inhibitors is a very active field of easch [4]. Many researchers report that the inloibieffect mainly
depends on some physicochemical and electronicepiiep of the organic inhibitor which relate to ftsctional
groups, steric effects, electronic density of dosmms, and orbital character of donating electrand so on [5, 7].
Among numerous inhibitors, N-heterocyclic compouads considered to be the most effective corrosibibitors
[10]. Up to now, various N-heterocyclic compounde eeported as good corrosion inhibitors for staehcidic
media, such as pyrazole derivatives [8-10], bipyl@aerivatives [11, 12]As another important kind of N-
heterocyclic compound, pyrazine derivatives whos#enules possess the pyrazine ring with two N betems
could also be seemed as good potential inhibitdmyvever, data regarding the use of pyrazine dévieatas
corrosion inhibitors is very scarce. Hammouti et[&B, 14] studied the inhibition effect of diethgyrazine-2,3-
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dicarboxylate on the corrosion of steel in 0.5 MBB), and its maximum inhibition efficiency (E) was aibh&2% at
0.01 M. As ordinary pyrazine derivatives, 2-metlyygzine (MP, GHgN,), 2-aminopyrazine (AP fEisN3) and 2-
amino-5-bromopyrazine (ABP,,8,N3Br) have good solubility in water, and are wideked as intermediates for
the preparation of drugs. According to our receotkn15], the pyrazine derivatives of AP and ABP act as good
corrosion inhibitors on the corrosion of steel il M HCI, which incite us to further extend the rm®ion inhibition

by auther pyrazine derivatives for mild steel in H@I.

Accordingly, the aim of this work is to study thenhibition action of 5-methyl-1H-pyrazole-3-

carbohydrazide{PC), on the corrosion of mild steel in 1M HCI. Théibition performance is evaluated by weight
loss, electrochemical impedance spectroscopy (E#8) potentiodynamic polarization measurements,
complemented with quantum calculations.

MATERIALS AND METHODS

2.1. Materials and solutions
2.1.1. Inhibitor
Figurel shows the molecular structure of the ingagtd compound\ which has been labeNgeIC.

2.1.2. General procedure for the preparation of 5-mthyl-1H-pyrazole-3-carbohydrazide(MPC)

To a solution of 5-methyl-1H-pyrazole-3-carbohyddaz(1 mmol) in 10 ml of ethanol, it was added auimolar
amount of 2-chlorobenzaldehyde derivative in thespnce of acetic acid. The mixture was maintaimetbureflux
for 2 h, until TLC indicated the end of reactiorhe€h, the reaction mixture was poured in cold waded the
precipitate formed was filtered out washed witheetti.

HsC HC Cl
— “ EtOH — “ y
HN. ~ “NH, + OHC ————  HN. - ~N
N AcOH N
0 cl o)

Figure 1. Synthesis and characterization of N'-(Zhlorobenzylidene)-5-methyl-1H-pyrazole-3-carbohydazide(MPC) .

Yield 78%. IR ¢(cmi®) : 3182 (NH), 1665 (C=0), 1552 (N=CIHjl NMR: (300MHz, DMSO-g, 5(ppm)) : 2.27 (s,
3H, CH), 6.49 (s, 1H, CH-Pz), 7.39-7.99 (m, 4H, H-Ar9®.(s, 1H, N=CH), 11.92 (s, 1H, NHCO), 13.09 (s, 1H
NH-Pz).**H NMR: (300MHz, DMSO-¢, § (ppm)): 10.77, 105.40, 127.31, 128.01, 130.34, AR1132.41, 133.57,
140.56, 143.65, 146.16, 159.05.ESI-MS: m/z = 2¢8l-H] *.

2.1.3. Solution
The aggressive solutions of 1.0 M HCI were preparedlilution of an analytical grade 37% HCI with uixde
distilled water. The concentration range of greenibitor employed was 10- 10° (M).

RESULTS AND DISCUSSION

3.1Weight Loss Measurements

Corrosion of mild steel in 1 M HCI containing difésmt concentrations of MPC was studied by weiglsislo
measurements, that is, measuring the mass of tnetald into corrosion products per unit area ofasa@ per unit of
time.

The corrosion ratepf in mg cm-2 h-1 in the absence and presence dPQVlwas determined using the following
equation:

AW
P=r )

whereAW is the average weight loss of the mild steel spens, A is the total area of mild steel specimed is

the immersion time. The percentage inhibition éfficy (E%) was calculated using the relationship:
Ew (%) = =" 100  (2)

Where Wo and Wi are the weight loss values in tieeace and presence of “MPC”.
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At this point it is worth mentioning that all dgteesented below in Figures and Tables related nmsion rate and
inhibition efficiency, were calculated from weigbss measurements.

Table 1. weight loss mesurements of different conaation with and without presence of MPC

Compound C w Ew
(mg/cm2.h) %

Blank 1M 0.8200 _

10° 0.1733 79

Inhibitor 10° 0.0917 89

“MPC” 107 0.0658 92
109  0.0431 95

3.2. Adsorption isotherm
Organic inhibitors exhibit inhibition ability viadsorption on the solution/metal interface, while thdsorption

isotherm can provide the basic information aboet ititeraction between the inhibitor and the metafase [16,
17]. We tested various adsorption isotherms tohfit experimental data, such as Langmuir, Temkin Fnoudnkin
adsorption isotherms. FOMPC, the plot of C versus @lyield sastraight line with slope nearly 1 and limear
association coefficient @Ris also nearly 1 (Fig.2), showing that the adsorpof MPC on the carbon steel surface
can be well described by Langmuir adsorption isotheEq.(3). This kind of isotherm involves the dadayer
adsorption characteristic and no interaction betwtse adsorbed inhibitor molecules on the carbeslturface

[18, 19].
Cc 1
i +C (3)
Where C is the concentration of inhibitor, K thesaigption equilibrium constant, aflis the surface coverage.

The constant of adsorption,,& is related to the standard free energy of ad&oTpAG .4 With the following
equation:

AG° 445 = —RT.In(55,5.K) (4)
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Figure 2. Langmuir adsorption of MPC on the midl seel surface in 1.0 M HCI solution

The thermodynamic parameters for the adsorptionga®were obtained from this figure are shown inlda.

Table 2. Thermodynamic parameters for the adsorptio of MPC in 1.0 M HCI on the carbon steel at 308K

Inhibitor K ads AGags Linear coefficient regression
Lmol* | kJmol? (r
“MPC” 743621.58| -44.88 1.05432

239
www.scholarsresearchlibrary.com



H. Elmsellemet al Der Pharma Chemica, 2015, 7 (10):237-245

The value ofAG s is negative which indicate that these investigamaeipound is strongly adsorbed on the carbon
steel surface and show the spontaneity of the ptisarprocess and stability of the adsorbed layethe carbon
steel surface. Generally, valuesAs® s up to -20 kJ mot are consistent with the electrostatic interactetween
the charged molecules and the charged metal (@yaitsorption) while those more negative than -aQriol*
involve sharing or transfer of electrons from thkibitor molecules to the metal surface to fornoardinate type of
bond (chemisorption) [20]. It can be assumed thatadsorption oMPC on mild steel surface occurs first due to
electrostatic interaction, and then the desorpdifowater molecules is accompanied by chemical &uiwn between
the adsorbate and metal surface [21].

3.3. Electrochemical measurements

The electrolysis cell was Pyrex of cylinder closgdcap containing five openings. Three of them wesed for the
electrodes. The working electrode was mild steghwhe surface area of 1 énBefore each experiment, the
electrode was polished using emery paper until Xff@@e. After this, the electrode was cleaned sdinially with
distillate water. A saturated calomel electrode Ep@as used as a reference. All potentials werergiwith
reference to this electrode. The counter electreatea platinum plate of surface area of f.chhe temperature was
thermostatically controlled at 308 K. The workirlgatrode was immersed in test solution during 30utds until a
steady state open circuit potential (Eocp) wasinbth The polarization curve was recorded by ppédion from -
800 mV to -200 mV under potentiodynamic conditioc@responding to 1mV/s (sweep rate) and under air
atmosphere.

The potentiodynamic measurements were carried simguVoltaLab100 electrochemical analyzer, whichswa
controlled by a personal computer. AC-impedancdistualso were carried out in a three electrodeassiembly.
The data were analyzed using Voltamaster 4.0 softw@&he electrochemical impedance spectra (EIS)e wer
acquired in the frequency range 100 kHz to 10 mHtha free corrosion potential. The charge transésistance
(Rt ) and double layer capacitanceyj@vere determined from Nyquist plots. The impedadiegrams are given in
the Nyquist representation. Experiments are repetiee times to ensure the reproducibility. Akatochemical
studies were carried out with immersion time ofolith with different inhibitory concentrations 9f1PC” , at 308

K.

3.3.1. Open circuit potential (OCP)

Fig. 3 shows the time evolution of the OCP for the mileftdank solution interface at (308 = 1) K. The rika
solution is the most corrosive among the testedtismls and consequently the most demanding in tefraftaining
stable steady-state conditions. It can be obseihvatdafter 30 min of immersion time t only negligitthanges in
the OCP are measured.
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Figure 3. Time evolution of the OCP for the steelflank solution interface at (308 + 1) K

3.3.2. Potentiodynamic polarization

Polarization curves for the mild steel in 1 M H@lthe absence and presence of different concemigatif pyrazine
derivative are shown in Fig. 4. The correspondilegteochemical parameters including corrosion pidé&iE.o),
Tafel slope f§c), corrosion current density (k) and inhibition efficiency (Ep) are given in tate Clearly, upon
increase of the inhibitor, boffa andpc values varied accordingly and the Icorr values@gsed prominently. This
means that both anodic metal dissolution of irom aathodic hydrogen evolution reaction were inkibit
Moreover, the Ep values obtained from Tafel exttafpmn are in good agreement with those obtainednfr
impedance methods. The corrosion potential of stidad| shifted 2—23 mV with respect to that of thkenk, which
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suggests thaWMPC behaves as a mixed-type corrosion inhibitor foldrsteel [22, 23] by first adsorbing on the
metal surface and then blocking the reaction sifethe metal surface without affecting the anodid @athodic
reaction [24].

e
S 04
<
=
=]
& |—=—Hcim
1—=—10°
-2 10*
10°
—~—10°
-3 T T T T T T T T T T T T T
-800 -700 -600 -500 -400 -300 -200
E (mV/ SCE)

Figure 4. Polarization curves for mild steel in 1 MHCI in the absence and presence of various conceations of inhibitor MPC

Table 3. Electrochemical parameters obtained from plarization curves for mild steel in 1 M HCI contaihing various concentrations of

MPC at 308 k
Inhibitor [C (M) |-E conr | corr -pc pa Ep(%)
(mV) | (uAlem?) | (mV/dec) | (mV/dec)

1M HCI - 464 1386 184 135 -
10° 459 279 123 73 80

“MPC” 10° 463 258 139 75 81
10* 466 151 142 76 89
10° 455 112 154 69 92

3.3.3. Electrochemical impedance spectroscopy (El&)easurements

The Nyquist plots obtained for mild steel in 1 M HG the absence and presence of various concemtsapf the
MPC is shown in Fig. 5.These plots were charactertzgbne depressed semi-circular capacitive loopigt h
frequency, which is then followed by one small iative loop at low frequency. The impedance spegtesent an
almost perfect semicircle, the center of which liesler the real axis. Such phenomena often reféhetdrequency
dispersion of interfacial impedance, which has battributed to the roughness, or inhomogeneitythef solid
surfaces and adsorption of inhibitors [25]. Theref@ constant phase element (CPE) is used insfemdapacitive
element to obtain a more accurate fit of our expental data sets, using generally more complicatpdvalent
circuits. The CPE impedance is given by [26]:

Zre= A" (iw)™" )

In this equation, A is the CPE constantis the angular frequency (in rad)si® = -1 (the imaginary number) and n
is a CPE exponent that can be used as a gauge tfeterogeneity, or roughness, of the surface. effugvalent
circuit model employed for this system is showrFig. 6 and consists of an uncompensated solutisisteaice Ru
in series to the parallel resistor of charge tranéR.) and constant phase element (CPE) connected ¢aptanent.

It can be observed that in Fig. 5, the total impeagain the recorded Nyquist plots increases witinarease of the
inhibitor concentration. These plots are fittedatoircuit model using Gamry Analyst software, anel fitted values
are listed in Table 4. Because the impedance ofrthibited mild steel increases with an increasehieMPC
concentrations, the inhibition efficiency increasBEse inhibition efficiency (E%) was calculated according to Eq.

(6):
E=(1-Ry/ R.)x100 (6)

In this equation, Rand R° are the charge transfer resistance with and witth@MPC, respectively.
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The calculated double-layer capacitance valugsd€rived from the CPE parameters according to(Bicgre listed
in Table 4 [27]:

)

In general, the values of the double-layer capac@aG,, decreased in the presence of inhibitor. The @dserén G
is likely due to a decrease in the local dieleatoostant and/or an increase in the thicknesspobeective layer at
the electrode surface, which would therefore enddhne corrosion resistance of the studied mildl ste@ 1 M HCI
solution at 308K.

Q: ( ARl—n ct) 1/n
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Figure 5: Nyquist plots for mild steel in 1 M HCI & 308K in the absence and presence of various comtetions of MPC
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Figure 6: Electrical equivalent circuit model usedfor the modeling metal/solution

Table 4. Fitted impedance parameters of mild steéh 1 M HCI in the absence and the presence of diffent concentrations of MPC at

308k
Inhibitor Cimn Rct Ru CPEO n Cdl (uF/cn?) | Egs
M) (ohm .cn) | (ohm.cnf) | (ohm? S'em?) (%)
HCI 1M 14.50 1.93 193.87 0.88p 200 -
10° 79 2.54 133.96 0.819 64.20 82
“MPC” 10° 182 1.55 116.52 0.798 55.15 ap
10* 194 1.55 110.41 0.827 51.67 9B
10° 209 1.57 103.14 0.814 48.94 93

3.3.4. Potential of zero charge (pzc)

Potential of zero charge is of a fundamental imgare in surface science, which is a concept rgjainthe
phenomenon of adsorption, and describing the comdithen the electric charge density on a surfacero. The
surface charge of metal can be determined by tk&igo of open circuit potential in respect to tlespective pzc
[28]. For this purpose, the electrochemical impegameasurements were applied at different potsraiadl a plot
of Cy versus applied potential was obtained. The platesponding to 1h of exposure time was given in Fig

In Fig. 7 the minimum G was seen at -494 mV (Ag/AgCl) which can be nanmedpizc of mild steel in 1M MPC
containing 1 M HCI solution. The Eocp of mild stéelthe same conditions was -0.464 V (Ag/AgCl)isitmore
positive than pzc, and this indicate positively rgfe&l mild steel surface. Due to anodic dissolutdmetal, the
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mild steel surface has positive charge, soidls should be first adsorbed onto the surfacghi;conditionMPC
molecule may exist as the protonated form in acidiedium and they adsorb the surface via electiostat
interactions(Fig. 8). Other sidel|PC molecules may on the mild steel surface via thehared pair of electrons
present on N and O atoms. Consequently, the comosite of mild steel increases in the presencMBC
molecules.

160
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Figure 7. The plot of G, vs. applied potential in 1 M HCI containing 1M MPC

riviled & teed
surface

wohii bl
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Figure. 8. The schematic illustration of the adsorfion behaviour of the MPC on mild steel in 1 M HClsolution

3.4. Quantum chemical calculations

Quantum chemical computations were carried outdnsity function theory (DFT) with 6-31G (d, p) basket for
all atoms. All of the calculations were carried with Gaussian 09W package [29].

Theoretical calculations were conducted in orderptovide molecular-level understanding of the csion
inhibition behavior of pyrazine derivativé1PC) and protonated structu{e-MPC) inhibitor. Fig.9 and 10 shows
the optimized structure, HOMO and LUMO orbitals(MPC) and (p-MPC) compounds. The quantum chemical
parameters such as the energy of highest occup@dcuniar orbital (Fomo), the energy of lowest unoccupied
molecular orbital (Eywo), energy gapAE) between Fowo and Eywo and dipole momentuj were calculated and
listed in Table 7. These parameters were foundet@xiremely important properties for interpretihg themical
reactivity of inhibitors with metal surfaces [3@,]3

Figure9. Optimized structure of studied moleculeslatained by B3LYP/6-31G(d,p) level
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Table 7. Calculated quantum chemical parameters dhe studied compounds

Quantum parameters MPC p-MPC
E Homo (eV) -0.34930 -0.27976
E Lumo (eV) -0.19015 -0.1416
AEgap (eV) 0.15915 0.13816

Dipole momeni. (debye) 3.6641 6.3747

HOMO LUMO

Molecular
MPC

protonated structure
p-MPC

Figure 10. The frontier molecular orbital density dstribution of MPC and p-MPC

The global molecular reactivity can be studied adicny to Fukui’'s theory of frontier molecular ordg (FMO) in
terms of interaction between the frontier orbitafs;luding HOMO and LUMO [32]. FMO theory is usefid
predicting adsorption centers of the inhibitor nooles responsible of the interaction with surfacgahatoms. The
HOMO energy (Rowmo) is often associated with the electron donatindjtplof the molecule; therefore, inhibitors
with Eyomo high values have a tendency to donate electroreppwopriate acceptor with low empty molecular
orbital energy. Conversely, the LUMO energy (f) indicates the electron accepting ability of thelecule, the
lowest its value the higher the capability of adoepelectrons. Similar relations were found betwéee rates of
corrosion and\E (AE = E ymo — Enowmo) [33].

It can be seen from Fig. 10 that the HOMO and LUHNI&ribute around heteroatoms and aromatic ringsmF
Table 7, Fowo 0Obeys the ordep-MPC > MPC, which is in full accordance with the order ofilmkion efficiency.
The main role in adsorption phenomena occurs on DUdrbitals; the low Eyvo is preferred because the feedback
bonds are formed between d orbitals of metal ahibitor. Formation of feedback bonds increasesctiemical
adsorption of inhibitor molecules on the metal aoef and thus increases the inhibition efficiencdj.[3he other
important parameter is dipole moment, which caml lEaincrease of inhibition and can be relatedhi® dipole—
dipole interaction of molecules and metal surfa8®].[In Table 7,p-MPC had higher dipole moment than the
neutral molecule.

Consequently, calculated parameters showedNMHE was most probably protonated in acidic medium pnd
MPC had better inhibition efficiency than the neutrablecule. All these calculations were correlated th
experimental results.

CONCLUSION
The following results can be drawn from this study:

(1) MPC acts as a good inhibitor for the corrosafnmild steel in 1 M HCI and its inhibition effiarey is

concentration dependent.

(2) The polarization measurements reveal that MBl@bes as a mixed-type inhibitor in 1 M HCI by agton both
anodic metal dissolution and cathodic hydrogenwiarn reactions.

(3) The adsorption of the inhibitor on the surfadenild steel in 1 M HCI follows a Langmuir adsaigt isotherm.

The high value of adsorption equilibrium constand anegative value of standard free energy of adisorp
suggested that MPC is strongly adsorbed on milel staface.
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(4) The results obtained from the EIS showed thatcorrosion inhibition efficiencies increased wath increase in
inhibitor concentration.

(5) Theoretical calculations were in agreement whih experimental results and showed that MPC haeeesting
molecular structure for inhibiting the corrosioropess. The protection ability of the MPC can belatted to its
molecular protonated structure.
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