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Abstract

This work is devoted to examine the effectivenespyazoles 4-(4,5-dihydro-1H-
pyrazol-5-yl)-N,N-dimethylaniline (D) on corrosiarf mild steel in a 1 M HCI solution,
using weight loss measurement at concentrationctsffeThe inhibitor (D) was
synthesized in our laboratory. The formation ofstipiyrazole was carried out with
hydrazine andi-unsaturated aldehydes, and the structure was etidnk spectroscopic
means, such as FT-IR, 1H NMR and 13C NMR. Polagrmatcurves and
electrochemical impedance spectroscopy (EIS) metheelte used to assess both the
corrosion rate and inhibition efficiency. Potedgoamic polarization showed that D
behaved as a mixed-type inhibitor. The Nyquist plahowed that, while D
concentrations increased, charge-transfer resistamcreased and double-layer
capacitance decreased, involving increased inbibiefficiency. Adsorption of the
inhibitor molecules corresponds to Langmuir adsorptsotherm. Quantum chemical
calculations showed that the inhibitor was pronédoprotonated in the acid, and the
results were in full agreement with experimentaeslvations.

Keywords: Pyrazole; hydrazine; NMR; mild steel; corrosioribition; weight loss;
electrochemical, DFT method.

Introduction

The use of iron and its alloys in daily live is alsh found in everyday aspect of
life. Iron is used in large amounts in industryvadl as in domestic needs. Iron
gained this place by its physicochemical propertésit is strong, has a high
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density, high melting point and is reliable forelifDespite all these beneficial
features, iron is very corrosive, especially in @vadnd air. This corrosion can
cause serious damage to the metal, thereby limitgv@pplications [1-7]. To
prevent iron from acidic aggression, the use ofoig inhibitors is one of the
most practical methods and cost-effective choi@espriotect metals against
corrosion; most of the well-known acid inhibitorseaorganic compounds
containing nitrogen, sulphur and oxygen atoms [B-ITHese organic inhibitors
are usually adsorbed on the metal surface via foomaf a coordinate covalent
bond (chemical adsorption) or electrostatic inteoac between the metal and
inhibitor (physical adsorption) [16]. This adsoqggti produces a uniform film,
which isolates the metal surface from the aggressiedium, and consequently
reduces the extension of corrosion [17].

In this work we were mainly interested in thNeheterocyclic inhibitors of iron
corrosion in an acidic medium; thebkheterocycles of interest are pyrazoles.
Pyrazoles derivatives are a very important classoof corrosion inhibitors [18-
28]. As a matter of fact, nitrogen containing hetgcles can be easily
protonated in acidic medium, thus exhibiting goathibitory action on the
corrosion of metals in acid solutions. The prestatly aimed at testing a new
compound, namely D, 4-(4,5-dihydro-1H-pyrazol-5-)l) N-dimethylaniline, on
the corrosion of stainless steel in 1 M hydrocltl@cid solution. The study has
been performed with various concentrations of Dingispotentiodynamic
polarization and EIS techniques. Compound D affdrdegood anticorrosive
activity of steel in 1 M HCI solution, with a 97%fieacy that was reached with
the use of 18 M of D at 25 °C. In order to understand the infidlsi of corrosion
of mild steel in acidic medium, D chemical quantparameters were examined
and calculated using the density functional th€®iyT) method.

The heterocycle inhibitor was synthesized in ethaeacting hydrazine and an
a,p-unsaturated  carbonyl derivative such as  3-(4-(thgiamino)-
phenyl)acrylaldehyde. This reaction provided theapgle a very high yield
(Scheme 1). This reaction is considered an analofjueaction of ketenes and
aldehydes hydrazines and derivatives [29-33]. Theget compound was
analysed by FT-IR'H NMR and**C NMR.

\‘\l 2 '8 EthOH 1\ N~ N
| - W i
/ \_/ \ NH,-NH, H0 98% / U
H (D)
Scheme 1Synthesis of pyrazole.

Experimental

Synthesis and characterization of the inhibitor

All reactions were carried out under dry nitrogeR. spectra were performed on
a Mattson Genesis Il FTIR instrument. NMR specteaaewecorded in CDgbn

a Bruker 300 MHz instrument using tetramethylsilgiéS) as an internal
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standard. Melting points were determined on an tEddtermal T1A F3.15A-
instrument.

Synthesis of 4-(4,5-dihydro-1H-pyrazol-5-yl)-N, MadihylanilineD

To a solution of 3-(4-(dimethylamino) phenyl) aaigdehyde (1 mmol) in
ethanol (10 mL), an equimolar 98% hydrazine monoéitgdwas added in the
presence of acetic acid. The mixture was maintaumeer reflux for 2 h, until
TLC indicated the end of reaction. Then, the reactixture was poured in cold
water, and the precipitate formed was filtered wfashed and recrystallized in
ethanol.

Yield: 76%; mp=142-144°C; IR (KBimay: 3159, 3066, 2933, 1649, 1531,
1597 cmt, *H NMR (CDCk) &: 2.95 (t, 2H, CH)), 3.08 (s, 6H, Ch), 3.17 (t, 1H,
CH), 7.17-7.54 (m, 4H, ArH), 8.44 (t, 1H, CH), 9.2 1H, NH) ppm (Fig. 1);
13CNMR (CDCE): § 40.24, 111.73, 112.01, 123.64, 129.84, 151.76,3B6@pm.

;;;;;
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Figure 1.H NMR spectra of (D).

Metal specimens
Steel samples (0.21% C, 0.38% Si, 0.09% P, 0.01%9.86% Mn and 0.05% S)
are used.

Test solution

The aggressive solution 1 M HCI was prepared bydihgion of commercial
analytical grade 37% HCI with bi-distilled waterid? to all measurements, steel
samples were polished with different sand papertayd200 grade, washed
thoroughly with bi-distilled water and dried aftaerashing with acetone. The
concentration range of green inhibitor ranged wittd® and 16° M.

Methods

Mild steel corrosion behaviour in 1 M HCI was intigated in the absence and
presence of D with the help of gravimetrical anelcelochemical techniques. It
was observed that mild steel dissolution rate veas igh in 1 M HCI alone, but

presence of the inhibitor significantly decreadezldorrosion rate of mild steel.
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Gravimetrical measurements

Coupons for weight loss measurements were cut Infox 1.5 x 0.05 cm
dimensions with the following composition: 0.09% ®01% Al, 0.38% Si,
0.05% Mn, 0.21% C, 0.05% S and Fe. Prior to all sueaments, the exposed
area was mechanically abraded with 180, 400, 8000 Jand 1200 grades of
emery papers. The specimens were thoroughly waslitédbi-distilled water,
defatted, and finally washed with ethanol and dri@davimetric measurements
were carried out in a double walled glass cell pped with a thermostated
cooling condenser. The solution volume was 106 standard. The immersion
time for the weight loss was 6 h at 25+1 °C. Inevrtb get good reproducibility,
experiments were carried out in duplicate, andviidae given was an average of
individual measures. The corrosion rate (v) wasuated using the following
equation:

V=g (1)
where W is the average weight loss, S the totad,aaed t the immersion time.
With the corrosion rate calculated, the inhibitefficiency &, was determined as
follows:

Ew 0 = Vo=V

.100 (2)

Vo and V are the values of corrosion rate withoutaitt inhibitor, respectively.

Electrochemical measurements

The electrochemical study was carried out usingtamiostat PGZ100 piloted
by Voltamaster software. This potentiostat was ected to a cell with three
electrode-thermostat with double wall. A saturatatbmel electrode (SCE) and
platinum electrode were used as reference andianyxélectrodes, respectively.
Anodic and cathodic potentiodynamic polarizatiorrves were plotted at a
polarization scan rate of 0.5 mV/s. Before all expents, the potential was
stabilized at free potential during 30 min. Thegpation curves were obtained
from -800 mV to —-200 mV at 308 K. The solution te Bnalysed was then
degassed by bubbling nitrogen. Inhibition efficigri,% was defined as shown
in equation (3), wheredr and Lor(inh) represent corrosion current density values
without and with inhibitor, respectively:

E_p% _ eorry Yoorrdginhy 100 (3)

Lot

The electrochemical impedance spectroscopy (ElSjsarements were carried
out with the electrochemical system, which includedigital potentiostat model
Voltalab PGZ100 computer at Ecorr, after immersion solution without

bubbling. After determination of the steady-staterent at corrosion potential,
sinus wave voltage (10 mV) peak to peak, at fregesnbetween 100 kHz and
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10 mHz, was superimposed on the rest potential. ghden programs
automatically controlled the measurements perforategkst potentials after 0.5
hour of exposure at 308 K. The impedance diagramsgaen in the Nyquist
representation. Inhibition efficiencyrEb was estimated using the relation (4),
where Rand Rinn) are the charge transfer resistance values inlibkenae and
presence of inhibitor, respectively.

E % = —=8_" 100 (4)

Quantum chemical calculations

Density functional theory (DFT) has often been uf&4] 35] to describe the
interaction between the inhibitor molecule and theface, as well as the
properties of these inhibitors concerning theicteéy. The molecular band gap
was computed as the first vertical electronic etmh energy from the ground
state, using the time-dependent density functitmadry (TD-DFT) approach as
implemented in Gaussian 03 [25]. For this sake, esonolecular descriptors,
such as HOMO and LUMO energy values, frontier atbénergy gap (&,
molecular dipole momenf, absolute electronegativity)( global hardnesgyj,
softness €), and fraction of electrons transferrexN( were calculated using the
DFT method, and have been used to understand dipenies and activity of the
newly prepared compounds, and to help in the egpilam of the experimental
data obtained for the corrosion process.

According to Koopman'’s theorem [36], the ionizatjpotential (E) and electron
affinity (EA) of the inhibitors were calculated using the fallog equations:

IE = —Egomo (5)
EA= —Eyuo (6)

Thus, the values of electronegativify) @nd chemical hardness)( according to
Pearson, with operational and approximate defingjccould be evaluated using
the following relations [37]:

IE + E4 E +Ey
— = y=— ZHoMo *ELumo 7)

i i

IE- EA E - E, M
— - = n= Lumo - HOMO (8)

Global chemical softness) which describes the capacity of an atom or group
of atoms to receive electrons [38], was estimatedding the equation:

c=leoog=—2_ (9)
Epumo — Egomo

n
The number of electrons transferretiNj was calculated from the quantum
chemical method using the following equation:

AN= XFe — Xinh 10
Z(npe T Minn) (10)
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whereyre andyinnh denote the absolute electronegativity of iron #relinhibitor
molecule, respectively, angte andninn denote the absolute hardness of iron and
the inhibitor molecule, respectively. The theoraticalueyre~7 eV was used for
iron andnre = 0 was used, assuming that IE = EA for bulk nseta9].

Results and discussion

Gravimetrical measurements

The inhibition efficiency values for mild steel ih M HCI media at different
concentrations of the inhibitor are presented iblddl. It is obvious that the
inhibition efficiency increased with an increasetl inhibitor’'s concentration.
This behaviour can be explained based on strorgyaction of the inhibitor
molecule with the metal surface, resulting in aggon [40]. The extent of
adsorption increases with the increase in concgmtraf the inhibitor, leading to
increased inhibition efficiency.

Table 1 Corrosion speed Mr (nn and the efficacy & obtained with different
concentrations of D at 308 K by gravimetric meas@aets.

C V corr (inh) Ew
(M) (g/m2.h) (%)
HCI Blank 9.04 -
10° 0.39 96
5.104 0.85 93
D 104 151 92
5.10° 1.58 82
10° 1.73 80
5.108 2.32 74

In acidic solutions, the maximum inhibition effioiey was observed at an
inhibitor concentration of I8 M (97%). This result can be explained because
organic inhibitors suppress the metal dissolutignfdrming a protective film
adsorbed onto the metal surface, and preserveni fine corrosion medium [41].

Adsorption isotherm

Organic inhibitors exhibit inhibition via adsorptioon the solution-metal
interface, while the adsorption isotherm can prewige basic information about
the interaction between the inhibitor and the metaface. We tested various
adsorption isotherms to fit the experimental datech as Langmuir, Temkin and
Frumkin adsorption isotherms. For D, the plot ofv@sus (QJ) provided a
straight line with a slope nearly 1, and the linassociation coefficient @Rwas
also nearly 1 (Fig. 2), showing that the adsorptdn(D) on the carbon steel
surface could be well described by Langmuir adsonpsotherm (equation 11).
This kind of isotherm involves the single layer agision characteristic and there
IS no interaction between the adsorbed inhibitotecudes and the carbon steel
surface.

==+ (11)

'T.‘nll'ﬁ
o
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where C is the concentration of inhibitor, K thesaigbtion equilibrium constant,
ando is the surface coverage. The constant of adsorftiq,, is related to the
standard free energy of adsorptd©, 5., with the following equation (12):

AG®,;. = —=RT.In (55,55.K) (12)

ads

0,001

0.0010) /I

U000 TO00Z T, 000 000 AL 1} 1]
Concentration (M)

Figure 2. Langmuir adsorption of (D) on the mild steel suefac 1 M HCI solution.

Thermodynamic parameters for the adsorption proeese obtained from this
figure (Table 2).

Table 2. Thermodynamic parameters for the adsorption of 0.t M HCI on the
carbon steel at 25 °C.

Linear Slope K AG®
correlation (kJ molY)
D 0.9988 1.046 1,25.320 -40,347

The value ofAG®,,. was negative, indicating that the compound investid was
strongly adsorbed on the carbon steel surfaceshoding the spontaneity of the
adsorption process and stability of the adsorbgerlan the carbon steel surface.
Generally, values oAG° up to -20 kJ mot are consistent with the electrostatic
interaction between the charged molecules and terged metal (physical
adsorption), while those more negative than -40mal! involve sharing or
transfer of electrons from the inhibitor molecutego the metal surface to form a
coordinate type of bond (chemisorption) [42]. THere, it can be assumed that
the adsorption of Don mild steel surface occurs, first due to elet#iis
interactions, and then to desorption of water mdks; accompanied by
chemical interaction between the adsorbate andl sw@tace [43].

Polarization measurements

It can be observed that the addition of D causednsarkable decrease in the
corrosion rate, shifting both anodic and cathodatel curves to lower current
densities. This indicated that both anodic andadithreactions were suppressed,
and the suppression became more pronounced withinbkeease of the
concentration of this inhibitor. Electrochemicalrg@aeters, such as corrosion
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potential Econ), cathodic Tafel slopeB¢), and corrosion current densitiof),
obtained by extrapolating the Tafel line, are givenTable 3. The corrosion
inhibition efficiency (%) of this compound was calculated using the
relationship (3). We can classify an inhibitor asthodic or anodic if the
displacement in corrosion potential is more thamB5 with respect to corrosion
potential of the blank [44]. In the presence oftlie corrosion potential of mild
steel shifted only 30 mV to the negative side @€E). This means that the
inhibitor acted as a mixed type inhibitor and shdweore pronounced influence
in the cathodic polarization plots compared to thmtthe anodic plots. The
parallel cathodic current—potential curves suggedteat the addition of this
inhibitor did not modify the hydrogen evolution nhanism, and that the
hydrogen evolution is activation-controlled. Thigppression of the corrosion
process may be attributed to the covering of adsbgyrazole D molecules on
the mild steel surface [45]. For anodic polarizataurves of mild steel with this
compound, it is clear that the presence of D ditl modify the current vs.
potential characteristics. The data in Table 3 stbthat, when the concentration
of the inhibitor increased, the inhibition efficmn also increased and the
corrosion current density sharply decreased. Ttag be due to the adsorption
layer of the inhibitor on the metal surface.

Table 3.Potentiodynamic electrochemical parameters of theosion of mild steel in 1
M HCI solution with the absence and presence ofrthestigated inhibitor at 25 °C.

C Ecorr I corr -pc pa Ep
(M) (mVvs.CSE) (mA/cm?) (mV/dec) (mVv/dec) (%)
HCI | Blank -450 2.512 140 185 /
10° -422 0.100 66 105 96
5.104 -451 0.160 170 97 93
104 -424 0.184 133 110 92
D |5.10° -463 0.316 136 70 87
10° -475 0.464 109 85 81
5.10°¢ -467 0.600 84 75 76

Electrochemical impedance spectroscopy

The corrosion of mild steel in 1 M HCI solutiontime presence of pyrazole (D)
was investigated by EIS at 25 °C after a 30 mirosype. A single semicircle has
been observed at high frequency; this could béattd to charge transfer of the
corrosion process and the diameter of the semicirareased, as the result of
increasing inhibitor concentration.

Fig. 3 clearly shows that impedance spectra areangérfect semicircle. They
seem to be depressed in the centre under realaaxislook like depressed
capacitive loops. Such phenomenon often corresptmdsirface heterogeneity
that may be the result of surface roughness, distmts, distribution of the
active sites, or adsorption of the inhibitor molesu

Nyquist plots for mild steel obtained at the inéee in the absence and presence
of pyrazole (D) at different concentrations arevshan Fig. 4.
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Figure 3. Tafel polarization curves for mild steel in 1 M Héblution with different
concentrations of (D).
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Figure 4. Nyquist plots for mild steel in 1.0 M HCI solutiam presence of (D).

An equivalent circuit was introduced to explain Bi& data, as shown in Fig. 5.

— Ret  ——

R.E A W.E

CFEX

Figure 5. Electrical equivalent circuit model used for thedaling metal/solution.

The inhibition efficiency of the inhibitoE,% was calculated from the charge
transfer resistance values using equation 4. Tabsts impedance parameters of
the Nyquist plots of D with different concentrattonThe EIS measurement
reveals that, at the concentration of 3L, the percentage of inhibition

efficiency is the highest (97%). The result strgnglipports the observation that
103M of this compound could work best as an inhibitor.
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Table 4. Impedance parameters and inhibition efficiency rfald steel in 1 M HCI
solutions, containing different concentrations[of. (

C (M) RsQ.crm?) Rt @.cn?) Cdl @ F.cnr?) Ez (%)
HCI Blank 1.64 14.53 173 /
103 1.11 386.5 43.1 96
5.107 1.32 340.2 46.5 95
D 10 2.32 277 56.5 94
5.10° 1.43 121.7 65.3 88
10° 1.54 100.8 78.5 85
5.108 1.60 48.25 82.8 70

—a—Ew

100 ——FEp
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Figure 6. Variation of efficacy with the concentration of timhibitor D.

The results also show th&: values increased with the increase in additive
concentrations, except for a few cases. The peageninhibition efficiencies
calculated from thé values showed that D played the role of a goodoson
inhibitor of mild steel in HCI medium. The CPE vatuwere found to decrease
with increase in concentration of the inhibitorwgmns (Fig. 6). This behaviour
is generally found for systems where inhibition urced due to the formation of
a surface film by the adsorption of the inhibiton the metal surface [46].
Decrease in CPE, which can result from a decreadecal dielectric constant
and/or an increase in the thickness of the eledtdouble layer, suggested that
the inhibitor molecules were absorbed at the nssiition interface. The values
of n obtained for this inhibitor system were claésaunity, which shows that the
interface behaved in a nearly capacitive way [47].

Quantum chemical calculations

Quantum chemical calculations have been widely tisexaluate the inhibition
performance of corrosion inhibitors, which can duatvely study the
relationship between inhibition efficiency and nwlar reactivity [48]. By
means of this method, the capability of an inhibritwlecule to donate or accept
electrons can be predicted with the analysis db@jloeactivity parameters, such
as the energy gapgd between HOMO and LUMO, chemical hardnesand
dipole momentu.

The higher the value ofdowmo, the greater the ability of the molecule inhibitor
donate electrons, whileLbkvo indicates the propensity to accept electrons. By
contrast, the lower the ko, the greater the ability of that molecule to at¢cep
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electrons. Thus, the binding ability of organicsth@ metal surface increases
with an increase in energy of HOMO and a decreadbe value of energy of
LUMO [49]. The energy gap & indicates the reactivity tendency of organics
toward the metal surface [50]. Thusgafhas been used to characterize the
binding ability of organic compounds to the metafface [51]. A good corrosion
inhibitor behaves as a strong Lewis base, and kbetrenegativity value of
inhibitors is an important parameter in terms acélon transfer between metal
and inhibitor. The reactivity of corrosion inhibigomay also be discussed in
terms of chemical hardnegssoftnesss, parameters molecular dipole momeant
absolute electronegativify[52], and fraction of electrons transferred [53].

Figure 7. Mulliken charges of D by B3LYP-6-31G (p, d) method

The adsorption of the inhibitor on the mild stegiface can occur on the basis of
donor—acceptor interactions between the lone-paaten of the heteroatom of
the inhibitors and the vacant d orbital of the nsitdel surface of Fe atoms.

The optimized geometry, the HOMO and LUMO densitstribution of D by
B3LYP/6-31G (d, p) method were presented in Fignd Fig. 8.

@
!J

LU

HOAI0

(D)
Figure 8. HOMO and LUMO frontier molecule orbital densitysttibutions of D.

Table 5 Molecular properties of D from the optimized stwwre using DFT at the
B3LYP/6-31G.

(D) (HD)*

Egomo (eV) -5.1614 -14.214
Erumo (eV) -0.0072 -11,275
AE g, (eV) 5.08966 2,93950
m (Debye) 3.6051 3,4524

x (eV) 2.5843 12.7449
1 (eV) 2.5771 1.46975
o (eV?) 0.7761 0.58910
AN 0.8567 -1.9544

Mulliken charges, according to the numeration ofregponding atoms, are
shown in Fig. 7, where it can be observed that bdilbitors had a considerable
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excess of negative charge around the nitrogen220-@.120, -0.107) and some
carbon atoms, indicating that these are the coatidig sites of the inhibitors.

The value of Eomoin the neutral form is higher than in the protoddi®m (see
Table 5). This means that the electron-donatingjtalmf (D) is greater in the
neutral form. The Emo is directly related to the electron affinity and
characterizes the susceptibility of the moleculgai@s attack by nucleophiles.
The diminution of the value of .lBwo increases the ability of the electron-
accepting molecule. Thus, the protonated form oapyle D exhibits the lowest
Enomo, making the neutral form the most likely to inravith D molecule. Low
values of the energy and gag.fih the protonated form of D can indicate a good
stability of the formed complex (inhibitor-Fe) ohet metal surface, therefore
improving the corrosion resistance of mild steelliv HClI medium [54]. The
high value of the dipole moment of pyrazole in tetral and protonated forms
probably indicates strong dipole—dipole interactioof D molecules and the
metallic surface. Finally, and according to Lukeyitf AN<3.6, the inhibition
efficiency increased with increasing electron-dorgaability at the metal surface
[7]. In this study, the value ofN for D was less than 3.6 for both neutral and
protonated forms. This shows that the increasahibition efficiency was solely
due to the electron-donating ability of D in botrhs.

Inhibition mechanism

From the results obtained from different electrouloal and weight loss
measurements, we can conclude that pyrazole Ditadilthe corrosion of mild
steel in 1 M HCI through its adsorption at the ristdution interface. D can
easily be protonated, because its molecules are miaplaner aromatic rings of
benzene and the pyrazole ring, and it also contaiekectrons. Generally, the
inhibition of metallic corrosion in acidic solutisnfirst occurs through
electrostatic interaction of protonated moleculeéth walready adsorbed chloride
ions; second, through donor—acceptor interacti@taden the p electrons of the
aromatic ring and the vacant d-orbital of the iratoms; and third, from
interactions between unshared electron pairs @drbestoms and the vacant d-
orbital of the iron surface atoms. In this studye tcalculatedAG ags value
indicates that the adsorption of D on the mild Isteerface follows both
physisorption (ionic) and chemisorption (molecul@gchanisms.

Conclusions

The results obtained during this investigation laado draw the following main
points:

- The pyrazole D or 4-(4,5-dihydro-1H-pyrazol-5-i)N-dimethylaniline shows
good inhibitive properties for mild steel corrosiori.0 M HCI solution.

- The inhibition efficiency increases with an ingseng concentration of the
inhibitor.

- The results of potentiodynamic polarization measents demonstrate that D
behaves as a mixed type inhibitor and could supptesth anodic metal
dissolution and cathodic hydrogen evolution reasio
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- D, on the metal surface, obeyed Langmuir adsampisotherm. The value of
the adsorption equilibrium constant shows thatitigoitor is strongly adsorbed
on the metal surface.

- The adsorption of D on the steel surface obegssthtistical physics adsorption
model. Furthermore, the obtained valuea\Gfagsindicate that the adsorption of
(D) molecules onto the steel surface is a spontagwocess involving both
physisorption and chemisorption mechanisms.

- The quantum mechanical approach may well be #&bléoretell molecule
structures that are better for corrosion inhibition
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