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ABSTRACT

The acid corrosion inhibition and adsorption proses copper in 2M H3PO4 containing 0.3M of NaClasyEco-
friendly ionic liquid newly synthesized [1-(2-(4katophenyl)-2 oxoethyl)Pyridazinium Brom@PEPB] and [1-(2-
(4-nitrophenyl)-2-oxoethyl)Pyridazinium BromideéPEPB]. Was studied by using weight loss measurements,
electrochemical impedance spectroscopy (EIS) antknpiodynamic polarization.The presence of these to
molecules led to decrease of the corrosion rateCopper. At 16 M of NPEPB and CPEPB, the inhibition
efficiencies increase with the inhibitor concenimatto reach 88.94% and 87.5%, respectively. Thisogption of
these compounds on Copper surface agrees Langmaitlsorption isotherm. To support the experimergsiilts
and To perform the corrosion study, Quantum cheh@pgroach, using the density functional theory IDFwas
applied in order to get better understanding abothte relationship between the inhibition e#ficy and
molecular structure ofNPEPB and CPEPB. The parameters include the lowest unoccupied cuatde orbital
(LUMO), highest occupied molecular orbital (HOM@nount of electrons transferred and dipole mome&he
results of the study suggest tiNIPEPB is a better corrosion inhibitor tha@PEPB, which is in agreement with
most experimental results obtained at differentoemtrations.

Keywords: Corrosion inhibition; phosphoric acid; Adsorpti@@opper; Pyridazinium-based ionic liquid.

INTRODUCTION

Due to the large aggressive acidic solutions, littrib are frequently used to reduce the corrositack on metallic
materials. The use of inhibitors is one of the nestsible methods for the protection of metalsregjaiorrosion
especially in phosphoric acid environment [1,2]o§fhoric acid is largely used in industries, foample, acid
pickling, in the food industry, acid desalting aadd cleaning. Copper is a metal widely used ingtd;, because of
his mechanical properties and a good thermal cdiviyc However, it readily reacts in environmersntaining
ordinary oxygen. Thus, the study of its corrosiahilition has attracted much attention. Most work anpper
corrosion reveals that the presence of aggresseats such as chloride and sulfide acceleragsdirosion of
this metal [3-5]. The use of inhibitors is one &&tmost practical methods for protection againstosion,
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especially in acidic media [6]. There are variougamic inhibitors which tend to decrease the cdorosate of
copper in acidic solutions [7—11]. Electronegatiuactional groups ane-electron in triple or conjugated double
bonds as well as heteroatom like sulphur, phosghonitrogen and oxygen in their structures are rifggor
adsorption centers. Recently the research has fomeised on the use of the Eco-friendly productsgmen
inhibitors are known to have inhibitive action [1I3 —16]. In the last two decades, the organic aamgds with low
melting points which known as lonics liquids (ILgJere considered as important topic of researdyoth industry
and academia [17]. There are also wid ange of egidins of these lonics liquids [18-22]. The inkilos that can be
reducing corrosion on metallic materials can beiddig in to three kinds: (a) organic inhibitors, (bprganic
inhibitors and (c) mixed material inhibitors [23[he inhibitory effect of Pyridazinium-based loniaquid [24],
azoles [25-33], and some ionic liquids derivatigash as imidazolium [34] is studied. Recently, ¢dliguids have
been also widely investigated for a variety of &milons [35-38], they showed very survey propsrsech as
inflammability, thermal stability, moderate solubil for inorganic and organic compounds, electrasital
potential properties and high ionic conductivity9{83]. It's reported that, both pyridinium and im@blium
compounds are reported to represent a good comrasitobitors on copper [44, 45], steel [46-49] addminium
[50]. The aim of the these study was to assess amtipely the inhibition effect of two ionic liqusdnamely [1-(2-
(4-chlorophenyl)-2 oxoethyl) Pyridazinium Bromi@PEPB] and [1-(2-(4-nitrophenyl)-2-oxoethyl) Pyridazimu
Bromide NPEPB] on Copper in 2M HBPO, solution containing 0.3M NaCl using gravimetric asarements,
polarization measurements, electrochemical impesl@pectroscopy, quantum chemical calculations apiic&
microscopy (OM), for the surface morphology. Thenpound’s chemical structures are given in Tablel.

MATERIALS AND METHODS

2.1. Materials

The working electrode used in this work is a coppith a chemical composition (in wt%) of 0.01 % Rip19 %
Al, 0.004 % Mn, 0.116 % Si an@9.5% Cu Prolabo Chemicals. Prior to all measuremeéhés copper samples
were pre-treated by grinding with emery pape&s (180, 600, 1200 and 2000); rinsed withiltksl water,
degreased in ethanol in an ultrasonic bath émsion for 5 min, washed again with bidistilledteraand then
dried at room temperature before use.

2.2.Chemical Compound

The organic compound tested was structure [1-(@h{drophenyl)-2 oxoethyl) Pyridazinium Bromi@#EPB] and
[1-(2-(4-nitrophenyl)-2-oxoethyl) Pyridazinium Brade NPEPB]. There was synthesized as described elsewhere
[35] (Tablel).

Tablel. The chemical structure of the studied Pyridzinium-based ionic liquids

Abbreviation  Structural Formula Name

CPEPB 1-(2-(4-chlorophenyl)-2-oxoethyl) Pyridazinium Bronide
e JL@
NPEPB E 1-(2-(4-nitrophenyl)-2-oxoethyl) Pyridazinium Bromide
=N\ NOy
M
\_7° o
Br

2.3.Solutions

The experiments were carried out in 2MP, medium containing 0.3M of NaCl. The solution teate freshly
prepared before each experiment; it was prepareatilliijon of Analytical Grade 85% PO, with bidistilled water
and pure NaCl. The ionic liquids tested were [{4zZhlorophenyl)-2 oxoethyl) Pyridazinium BromiPEPB]

and [1-(2-(4-nitrophenyl)-2-oxoethyl) PyridaziniuBnomide NPEPB].The concentration range of these compounds
was 10° to 10° M.
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2.4.Weight loss measurements

Gravimetric methods were conducted on copper andeda out at definite time interval of 8 &t room
temperature using an analytical balance (pmetist 0.1 mg). All experiments were carried ouider total
immersion in 80 ml of test solutions. The copmpecimens used of a total surface of 12.cRr2or to each
gravimetric or electrochemical experiment, the esqubarea was mechanically abraded with 180, 320, B200
grades of emery papers, rinsed thoroughly witetone and bidistilled water before plungihge electrode in
the solution. Pure copper samples (99.5%) were.uBee experiments were carried out in 2 MPR, medium
containing 0.3M of NaCl, it was prepared by dilatiof Analytical Grade 85% #PO, with bidistilled water and
pure NacCl.

2.5.Polarization measurements

2.5.1. Electrochemical impedance spectroscopy (EIS)

The electrochemical measurements were performagsimg Voltalab (Tacussel-Radiometer PGZ 100) paietat
and controlled by Tacussel corrosion analysis sofwmodel (Voltamaster 4) under static conditiohe Tell of
corrosion used had three electrodes. The refererleetrode was a saturated calomel electrode (SCE).
An electrode of platinum was used as auxiliarytetete. The working electrode was carbon steeltl#d potentials
given in our study were referred to this referealeetrode. The working electrode was immersedshgelution for

30 minutes to establish a steady state open cipmiéntial (Ecy). After measuring the Eocp, the electrochemical
measurements were carried out. All electrochemiesls were carried out in aerated solutions at R98he
response of the electrochemical system to ac éxxitavith a frequency ranging from 18iz to 10" Hz and peak to
peak amplitude of 10 mV was measured with dataitien§ 10 points per decade. Nyquist diagrams wessle
starting from these experiments. The best semiczah be fit through the data points in the Nyqdiagram using

a non-linear least square fit so as to give thergeictions with thg-axis.

2.5.2. Polarization curves

The electrochemical behaviour of the electrod odpay in inhibited and uninhibited solution was $badby
recording cathodic and anodic potentiodynamic fmdéion curves. Measurements were carried out @ 2M
HsPO, medium containing 0.3M of NaCl solution containidifferent concentrations of the inhibitor, af&® min

of immersion, by changing the electrode potergialomatically from -600 mV to 100 mV versus coroosi
potential at a scan rate of 1 mV.sThe corrosion current densities.) were obtained by extrapolation of linear
Tafel segments of anodic and cathodic curves tmsmmn potential Eqy).

2.6. Optical microscopy measurements (OM)

Immersion corrosion analysis of Copper sample énatidic solutions with and without the optimal centration of
the tow inhibitordfNPEPB and CPEPB was performed using Optical microscopy 6 h at 288spectively. After the
corrosion tests, the samples were immediately stdgeto OM studies to find the morphological change copper.
(OM Best.Scope)was used for the experiments. The working sample avealyzed at three different locations to
ensure reproducibility.

2.7.Quantum Chemical Calculations

Full geometry optimization with no constraintsNiPEPB and CPEPB were performed using DFT based on Beck’s
three parameter exchange functional and Lee—Yamg+rBalocal correlation functional (B3LYP) [51-53hd the 6-
31g(d,p) orbital basis sets for all atoms as impleted in Gaussian 03 program [54]. The calculateléenlar properties
include the highest occupied molecular orbital (HOM lowest unoccupied molecular orbital (LUMO) aather
molecular properties derived from HOMO and LUMO ahdir respective energies. Molecular modeling ystwas
carried out to determine the electron rich groupsia in a molecule as well as calculation of tlghést molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LOMn order to give further insights on the podibof electron
transfer between the inhibitor and metal.

RESULTS AND DISCUSSION

3.1.Potentiodynamic polarization curves

The effect o0NPEPB and CPEPB on the corrosion reactions was determined by jzal&wn techniques. The
changes observed in the polarization curves dfeeatidition of the inhibitor are usually used a&sdtiteria to
classify inhibitors as cathodic, anodic or mixepetyp5, 56]
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Fig 1. Potentiodynamic polarization curves of Coppein (2M H sPO, + 0.3M NaCl) in absence and presence of optimummeentration of
NPEPB and CPEPB at 298 K

Fig.1 shows the Tafel polarization curves for CogpegM HzPO, medium containing 0.3M of NaGtoptimum
concentration 1® M of inhibitors at 298 K. The potentiodynamic par&me (Table2) such as corrosion
potential (E.r), cathodic Tafel slopes db corrosion current density,{}), were obtained from Tafel plots and
the inhibition efficiency values, %), were calculated using equationl.

E| % e corr - I corr X 100 (1)
I

corr

Where Lo and Ior are uninhibited and inhibited corrosion currenisiies, respectively.

Under the experimental conditions performed, thteadic branch represents the hydrogen evolutioctiaa while
the anodic branch represents the iron dissolugaction. These branches are determined by exttapolaf Tafel
lines to the respective corrosion potentials.

Analysis of the polarization curves indicathatthe inhibitorNPEPB and CPEPB studied leads both to
decrease the cathodic and anodic current densitidsdecrease in the corrosion rate. There wasmarkable
shift in the corrosion potential (&) value with respect to the blarkdeed according to literature report [57],
when corrosion potential is more than 85 mV witkpect to the corrosion potential of the blank,itiébitor can
be considered distinctively as either cathodic ravdic type. However, the maximum displacement is study is
less than £85 mV. As can be seen from Table @, #alues did not change significantly (onle th
displacement was < 56 mV) in presence of itdib, based on the marked decrease of the catlandi@nodic
current densities upon introducing the inhibitor the aggressive solutioNPEPB and CPEPB can be considered
as a mixed-type inhibitors but favoring the caibaide more, and also meaning that the adddfahe inhibitors
reduces the anodic dissolution and also reténdscathodic hydrogen evolution reaction.
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Table 2.Electrochemical parameters of copper at various carentrations ofNPEPB and CPEPBIn (2M H3PO4+ 0.3M NaCl) and the
corresponding inhibition efficiency

L Conc. | -b Eqa
Inhibitors "~V £ (mVISCE) (uAlem?) (mVidec) (%)
Blank 118 149 322 -
10° 154 19 253 87.25
10° 137 30 320 79.87
CPEPB 10° 155 40 280 73.15
10°¢ 157 85 250 42.95
10° 174 18 253  88.00
NPEPB 10° 182 24 253 83.89
10° 156 57 220 61.74
10° 156 100 210 32.89

All the electrochemical parameters deduced ffogl are summarized imable 2, inspecting the results We
note that the corrosion current densiy, Hecreases monotonically when the conterREPB and CPEPB
increases in solutionnd the maximum percentage of inhibition efficien&tar (%)) was achieved at the low
concentration of 18M reaching 88% foNPEPB and 87.25% foilCPEPB. The classification of these inhibitors
according to their inhibition efficiency is:

NPEPB > CPEPB

3.2Electrochemical Impedance Spectroscopy MeasuremsnEIS

The corrosion behavior of Copper in the aggressiedium (2M HPO, + 0.3M NacCl) solution in the presence of
NPEPB and CPEPB, was investigated by (EIS) at rtemperature after 30 min of immersion at.£ Nyquist
plots in absence and presence of optimum concentra®3M of inhibitors (NPEPB and CPEPB) are given in Eig.
and their corresponding parameters were calculatagsing Nyquist plots are given in Table 3. At pmércuit, the
spectrum shows one capacitive loop. In the presehBBPEPB and CPEPB, the capacitive loop size asae. The
charge-transfer resistance ({Rvalues are calculated from the difference in idg®e at lower and higher
frequencies, as suggested by Tsuru et al [58]. dcheble layer capacitance {Cand the frequency at which the
imaginary component of the impedance is maxima} {yzare found as represented in equation 8:

1
C, = a)—R Where W = 27Tfmax 2)
Ct

As observed, the Nyquist plots contain a depressed-circle with the center below the real X-axigjch is size
increased by increasing the inhibitor concentratidndicating that the corrosion of copper is maial charge
transfer process [59] and the formed inhibitivenfivas strengthened by the increasing the concentraf the two
inhibitors.
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Fig 2: Nyquist diagrams for copper electrode in (2MHsPO4+ 0.3M NaCl) in absence and presence of optimum ceentration 10°M of
inhibitors (NPEPB and CPEPB)
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The quantitative analysis of the electrochemicagledance spectra (EIS) was studied based on a physiclel of
the corrosion process with hydrogen depolarizatinod with charge transfer controlling step. The $@spmodel
includes the charge transfer resistancg) (R parallel to the capacitance gjCconnected with the solution
resistance (B. The equivalent circuit model employed for thystem is presented in Fig.3.

Rs R

|"!dl

Fig. 3 The electrochemical equivalent circuit usetb fit the impedance spectra

The obtained impedance diagrams are almost in &ceralar appearance, indicating that the chardgeanrsfer
process mainly controls the corrosion of Coppervi@tons of perfect circular shape are often refdrto the
frequency dispersion of interfacial impedance. Hremalous phenomenon may be attributed to therinbgeneity
of the electrode surface arising from surface roagb or interfacial phenomena. In fact, in the gmmes of the
MS195 (PPB), the value of Rct has enhanced anddhes of double layer capacitance are also brodghn to
the maximum extent. The decrease jsBows that the adsorption of the inhibitors tgiese on the metal surface
in acidic solution. The impedance parameters ddrik@m these plots are shown in Table 3.

Table 3. Electrochemical Impedance for corrosionfocopper in acid medium at various concentrations oNPEPB and CPEPB

Inhibitors Conc. (M) Rct(Q.cnf) Cy(uF/cn?) Egrqy (%)

Blank 45 354 -
10° 360 6 87.5
104 240 16 81.25
CPEPB 10° 172 25 73.84
10° 80 70 43.75
10° 407 6 88.94
10* 287 11 84.32
NPEPB 10° 120 54 62.5
10° 62 135 27.42

Again, the maximum percentage of inhibition effiuiy (Eze %) was achieved at the low concentration ofNIO
reaching 89% for NPEPB and 87.5% for CPEPB. Thssifiaation of these inhibitors according to thieinibition
efficiency is: NPEPB > CPEPB.

This percent inhibition efficiency is calculated tlyarge transfer resistance obtained from Nyquétspaccording
to the equation 3:
R'..-R
Ere % = —S—— x100 )
R,

Where RCt and R'Ct are the charge transfer resistance values witoditwith inhibitor, respectively.

3.3 Weight loss measurements and adsorption isotherm

Weight loss measurement was done according to teéhad described previously [60]. And is a non-
electrochemical technique for the determinatiorcofrosion rates and inhibitor efficiency which pidss more
reliable results than electrochemical techniquesabse the experimental conditions are approacheal rimore
realistic manner yet the immersions tests are tovessuming [61-62]. Therefore, due to such diffeesnoften due
to the experimental conditions, the values wouldii@isly differ from the values of the electrocheatic
measurements. All the tests were conducted in ek HsPO, medium containing 0.3M NaGlt 298 K with
different concentrations of the tow inhibitors NFEEBnd CPEPB. And the Values of the inhibition effircy and
corrosion rate obtained from the weight loss messents of Copper for different concentrations odvrienic
liquids derivatives NPEPB and CPEPB iphosphoric acid medium containing chloriate298 K after 6h of
immersion are given in Table 4. At the end of tests the specimen were carefully washed in acedodethen
weighed. Duplicate experiments were performed theand the mean value of the weight loss has begorted.
The inhibition efficiency (& %), the corrosion rate (W), and surface coverag®) (were determined by using the
following equations:
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Am

w = — 4
corr S1 ( )
E, %= Weor = Weor 100 (5)
WCOI’I’
! 0,
0 — 1 _ W corr = 9 - E W (/0 ) (6)
W 10C

corr

where Wy, and W,,,, are the corrosion rates of Copper due to theollisen in 2M HsPO, medium containing
0.3M NaClin the absence and the presence of definite comatiem of inhibitor, respectively, anflis the degree
of surface coverage of the inhibitor.

Table 4: Gravimetric results of Copper in phosphort acid medium. without and with addition of inhibitors at 298 K, The exposure time is
6h

Inhibitors _Conc (M) Weor(mg. cni”’h™) E, (%) ©

Blank 0.162 -
1x10° 0.0219 86.48 0.864
1x10* 0.0327 79.81 0.798
CPEPB 1x10° 0.0444 7259 0.725
1x10° 0.0925 429 0.429
1x10° 0.0192 88.15 0.881
1x10* 0.0271 83.27 0.833
NPEPB 1x10° 0.0622 61.6 0.615
1x10° 0.112 30.86 0.309

The values of inhibition efficiency JH%) for two inhibitors are given in Table 4. Thisosv that the inhibition
efficiency increases with the increasing inhibitoncentration Fig3, and Maximum,% (88.15%) of NPEPB was
achieved atl0® M. These results reveal that the compounds undessiigation NPEPB and CPEPB are fairly
efficient inhibitors for copper dissolutian 2M H;PO, medium containing 0.3M NaGblution. The inhibition of
corrosion of Copper by new ionic liquids derivagvean be explained in terms of adsorption on thelnsarface.
These compounds can be adsorbed on the Cepgace by the interaction between lone spaif electrons
of nitrogen atoms of the inhibitors and the rhetarrface. In order to understand the mechanisrooofosion
inhibition, the adsorption behavior of the adsoebah the Copper surface must be known. Two maiestyqf
interaction can describe the adsorption of the madéeof NPEPB and CPEPB, physisorption and chepiior.
These are influenced by the chemical structurdefithibitor, the type of the electrolyte and tharge and nature
of the metal. Careful inspection of these resuitsaed that, the ranking of the inhibitors accordiods, (%) is as
follows: NPEPB > CPEPB for the same concentratidplot between inhibition efficiency JH%) and inhibitors
concentration is shown in Fig.4. Analyse of Fige¢aals that as the concentration of inhibitorsaases inhibition
efficiency E, (%) increases. This is because more surface aremopmger is covered by increasing inhibitors
concentration.

3.4 Adsorption isotherm and thermodynamic parameters

The information on the interaction between the bitbrs molecules of NPEPB and CPEPB and the metéhce
can be provided by adsorption isotherm. The degfsarface coveragd) for different concentrations of inhibitors
was evaluated from Weight loss measurements. Atempre made to fi# values to various isotherms including
Frumkin, Temkin and Langmiur. It was found that tsa best fit was obtained with the Langmiur isoth Fig 5.
According to this isotherm is related to concentration inhibitor [63].

——=-——+C ™

Where K is the adsorption/desorption equilibriunngtant, C is the corrosion inhibitor concentrafiothe solution
AG

log K = —174—| - ——ais _
J [ 2303RTJ ©

WhereAG,4sis the free energy of adsorption.
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Fig.4. Variation of the inhibition efficiency (Ew %) of Copper corrosion with the concentratim of NPEPB and CPEPB in 2M HPO,
+ 0.3M NaCl at 298 K
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Fig.5: Plots of Langmuir adsorption isotherm in thepresence oNPEPB and CPEPB on the Copper surface at 298K
%
It was found that Fig.5 (plot ofc—: versus C) gives straight line with slope near tindicating that the adsorption

of compound under consideration on Copper/ acidigtion interface obeys Langmiur's adsorption.
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Table 5. The thermodynamic parameters for the correion of Copperin 2M H3PO, + 0.3M NaClin the absence and presence of
different concentrations of NPEPB and CPEPB

Inhibitors  Slope  Kass(M™)  R®  AG%q (kd/mol)
CPEPB 1.15256 232000 0.999 -40.54
NPEPB 1.13007 463000 0.999 -40.37

The free energy of adsorption®’,q) can be calculated from the(value obtained from the above correlation:
AG,,,=—-RT In(55.5 x K_) ©)

Where 55.5 is the concentration of water, R isuhi@ersal gas constant and T is the absolute teatyrer

All the obtained thermodynamic parameters are shiowfable 5. The negative values & G’,4 for NPEPB and
CPEPB indicate the spontaneous of the adsorptib this inhibitors and stability of thesmdbed layer on
the copper surface. More negative value designttat inhibitors are strongly adsorbed on thel stegface.

Literature pointed that values df G%qs around -20 kJ.mo-1 or lower are related to tHectrostatic interaction
between the charged molecules and the chargethl (physisorption); those around -40 kJ.fmam-higher
involve charge sharing or transfer from organimecules to the metal surface to form ardmate type of

bond (chemisorption) [64-66].The obtained valeés/A G’%qs surrounded -40 kJ.mblindicating, that the
adsorption mechanism of the Pyridazinium-baseicitiquids NPEPB and CPEPB tested on coppe2M
Hs;PO, medium containing chlorideolution was of chemical adsorption on the chdu@epper surface (Table.5).
From (Fig.6). The inhibition efficiencies, calcuddtfor the same concentration from weight loss nmegsents and
electrochemical studies, showed that, the rankihghe inhibitors according to E(%) is as followsPEPB >
CPEPB.

M CPEPB
89 1
o 88.5 - H NPEPB
o
88 A
a 87.5 A
: .
ug 87 .
i.: 86.5 -
“Ll.?
86 A
85.5 A
85 T
El EIS wL

Fig.6: Comparison of inhibition efficiency (E %) vadues obtained by weight loss, polarization and Elgethods at optimum concentration
10°M of inhibitors (NPEPB and CPEPB)

3.5 Computational Study

Complete geometrical optimizations of the invegsidamolecules were performed using DFT (densityctional

theory) method with the Yang—Parr non local cotietafunctional (B3LYP) with 6-31 G (d, p) basist $67-69].

This approach was shown to yield favorable geoeetior wide variety of systems and this basis setsggood
geometry optimizations. In all cases, total strretuoptimization together with the vibrational aséd of the
optimized structures are implemented by means o68an 03 program package [70] in order to detezmihether
they correspond to a maximum or a minimum in thiepidal energy curve and no imaginary frequency feasd,

indicating minimal energy structures. Frontier neollar orbitals (HOMO and LUMO) could be used todice the

adsorption centers of the inhibitor molecule. Hor simplest transfer of electrons, adsorption shoglcur at the
part of the molecule where the softnesswhich is a local property, has the highest value.

75



R. Salghiet al Der Pharma Chemica, 2016, 8 (2):67-83

According to Koopman’s theorem [71], th@dmo and Eywo Of the inhibitor molecule are related to the i@tian
potential, IE, and the electron affinity EA, respesly, by the following relations [10, 11]:

IE = - E HOMO (10)
EA = -E o (11)

Absolute electro negativityy), and absolute hardness),(of the Inhibitor molecules are given by [72]:

_IE+EA 12) _IE-EA (13)
2 773

The obtained values of)(and () are used to calculate the fraction of electramdferred, AN), from the inhibitor
to metallic surface as follow [73]:

AN - /\/Fe ~ Xinh (14)
2(,7Fe +/7inh)

Where yre and ynn denote the absolute electronegativity of iron amubitor moleculenge and n,, denote the
absolute hardness of iron and the inhibitor moleaekpectively. In this study, we use the theaaktialue ofyee
=7.0 eV andng = 0, for calculating the number of electron transfd. The inhibition of copper using substituted
pyridazin as corrosion inhibitors were investigategerimentally. The classification of these intols according to
its inhibition efficiency is: NPEPB > CPEPB. It svdound that the NPEPB molecule among the investiiha
compounds has the highest inhibition efficiencytb@ metal surface. The higher inhibition efficierafyNPEPB
compound than the other inhibitors is probably ttuthe high polarizability of C-N bond. Moreovetrjs evident to
attribute the lower performance of NPEPB to thelaegment of —Cl group by —NQgroup. Also, the higher
inhibition efficiency of NPEPB is probably referreéd the increasing the number of centers of adgnrpin the
inhibitor molecules and the higher electron deesittaused by the electron releasing -NH@up [74]. Quantum
chemical parameters obtained from the calculatwmsh are responsible for the inhibition efficienaf/inhibitors,
such as the energies of highest occupied moleoutatal (E,omo), energy of lowest unoccupied molecular orbital
(ELumo), the separation energy (ko - Enomo), AE, representing the function of reactivity, the nbarge on the
functional group, dipole momenty) total energy (TE), softness)(and the fraction of electrons transferred from
the inhibitor to copper surfacall), are collected in Table 6. Previous studies icordd the fact that in aqueous
acidic solution the pyridazin molecules get protedaand exist either as neutral molecules or irffah@ of cations
[75]. The pyridazin may adsorb on the metal surfiacthe form of neutral molecules or in the formpwbtonated
molecules involving the displacement of water moles from the metal surface and sharing of elestimetween
the nitrogen atoms in the pyridazin molecule ara itietal surface. The other possibility is that pinetonated
pyridazin molecules may adsorb through electrastatieraction between positively charged pyridaziolecules
and negatively charged metal surface [76-77].

Table.6 The calculated quantum chemical parameterfr the neutral inhibitors using DFT/B3LYP/6-31G (d, p)

Molecule Enomo (€V)  Eiuwo (V) AE(V) neV) TE@EV) nEeV) o€ V) xeV) AN E (%)
NPEPB  -4.0147 -2.8639 1.1507 4.9925 -23212.6 05754 1.7379 3.4393 3.094 89
CPEPB -3.8215 -1.7785 2.0430 3.5171 -30154.1 1.020%789 2.8000 1.911 87.5
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LUMO

9 4

NPEPB

Figure 7: The optimized molecular structures, HOMOand LUMO for the inhibitors using DFT/B3LYP/6-31G (d,p)

The ionization potential (IE) is a quantum parameennected with the electronic structure whicHet the
electron density at the reaction center. The higherenergetic level of (HOMO), the less is theueabf the
ionization potential; electrons from HOMO are easibnated. Organic substances with less negativel@®®@alue
corresponding lower IE values which are expecteldatee greater adsorption ability and better inkihiefficiency
[78]. It was shown from the calculation that NPERBIich has the highest inhibition efficiency has thighest
Enomo- If the energy of HOMO level was decisive for thaibitor properties, the ranking of the compoustisuld
be: NPEPB > CPEPB. This agrees well with the expental observations. Another parameter of the nuddec
structure is energetic level of (LUMO), which detémes the polarizability of the compound i.e. thelity to be
distorted by an electric field, and hence LUMO lerareives electrons. In this case, the reactioch@racterized
with transfer of electrons from the metal to thailiitor. The calculations also show that NPEPB thesslowest

E umo, SO it has the greatest ability to interact wite tnetal surface. The separation enetdy = (E.umo - Exomo)

is an important parameter as a function of reagtiof the inhibitor molecule towards the adsorptmm metallic
surface. ASAE decreases, the reactivity of the molecule ina@eésading to increase the inhibition efficiencytod
molecule. The results obtained from quantum chenaiakzulation are listed in Table 6. The calculaidndicate
that NPEPB has the lowest value which means theekigreactivity among the other inhibitor CPEPB and
accordingly the highest inhibition efficiency whiegrees well with the experimental observationse dhder of
reactivity in this case will be: NPEPB > CPEPB. Tm@mber of electrons transferredN) was also calculated
depending on the quantum chemical method as in(Bq.Values ofAN showed that the inhibition efficiency
resulting from electron donation agreeing with Lviks's study [79]. IfAN < 3.6, the inhibition efficiency increases
by increasing electron-donating ability to the rhetaface and the order by which the ability ofsénhibitors to
donate electrons to the metal surface increas¢H&EPB > CPEPB. The values AN indicate trends within a set of
molecules, but their absolute value might not apomd to reality AN values are not exactly the number of
electrons leaving the donor and entering the aocepblecule. The expression “electron-donatindigfiis more
adequate than “number of transferred electrong].[&nother quantum chemical parameters such aglifhae
moment (1) is also calculated where the NPEPB compound hashighest value and accordingly the highest
inhibition efficiency. The calculations show tha¢ Wwave the same order of reactivity NPEPB > CPHERR. high
values ofp probably mean the increase of the adsorption bibitor and accordingly increasing the inhibition
efficiency [81-82] which agree with the experimémsults. The bonding tendencies of the inhibitomsards the
metal atom can be discussed in terms of the HSABd{soft-acid—base) and the frontier-controllecrattion
concepts [83-84]. General rule suggested by theciple of HSAB, is that hard acids prefer to cotoate to hard
bases and soft acids prefer to co-ordinate tobssfes. On the other hand, metal atoms are knowwfeacids. Hard
molecules have a high HOMO-LUMO gap and soft mdeshave a small HOMO-LUMO gap [16], and thus soft
bases inhibitors are the most effective for metats. the NPEPB compound which has the lowest engagyand
the highest softness has the most be confirmedalgulating another quantum chemical parameterwhich
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measures the softness of the molecule and scaittivity: c = 1/7, Table 6. It was observed that NPEPB compound
has the highest value and the order at which softness increaseeliss reactivity will be: NPEPB > CPEPB
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Fig 8 : Potentiodynamic polarization curves of coper in (2M H3PO, + 0.3M NaCl) at different temperatures
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Fig 9 : Potentiodynamic polarization curves of Copprin 2M HsPO, + 0.3M Nacl in the presence of THM of NPEPB.at different
temperatures

3.6 Effect of temperature
3.6.1. Polarization curves
Temperature has a great effect on the corrosiongrhenon and the study of his effect on the corroside and
inhibition efficiency facilitates the calculatiorf kinetic and thermodynamic parameters for thehitiuin and the
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adsorption processes. These parameters are ugeiitilerpreting the type of adsorption by the intohi It was
shown from experimental and computational study MREPB molecule has the highest reactivity andbitibn

efficiency and for this purpose, we will make pdiedynamic polarization in the range of temperat2®8 to 328
K, in the absence and presence of NPEPB aMLOThe corresponding data are shown in fig.8, 9 Bable 7.

Table 7: Effect of temperature on the copper corrsion in phosphoric acid containing chloride and al0°M of NPEPB at different
temperatures

Inhibitor  T°(K) - Ecor (MV/SCE) | corr (MA/CM?) - be (MV/dec) E(%)

298 118 149 322 -
308 139 166 291 -
Blank 318 150 176 312 -
328 170 186 309 -
298 174 18 253 88
NPEPB 308 167 25 309 85
318 186 35 306 80
328 191 50 270 73

It is clear from fig.8 and table 7 that the incieea$ corrosion rate is more pronounced with the abtemperature
for blank solution. It has been observed from. igand table 7 that in the presence of NPERR is highly

reduced. Also, the inhibition efficiencies demse slightly with increasing of temperaturglicating that
higher temperature dissolution of copper predates on adsorption of NPEPB at the metal surfacksuggest
a physical adsorption mode.

3.6.2. Kinetic parameters
In order to obtain more details on the corrosioocpss, activation kinetic parameters such as dictivanergies in
free and inhibited acid were calculated using Anibe equation:
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@ NPEPB
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Fig 10: Arrhenius plots of Copper in 2M HPO, + 0.3M NaCl with and without 10°M of NPEPB

The activation parameters for the studied systeay 4B, andAS, ) were estimated from the Arrhenius equation
and transition state equation (Eq 15-16) :

- E
I = Aex — 15
corr p( R -I— J ( )
AS. AH:.
| = RT exp %a | oy -2Ha 16]
Nh R RT

Where A is Arrhenius factor, ;Hs the apparent activation corrosion enemnyyis the Avogadro’s number, h
is the Plank’s constant, amd, and AS, are the enthalpy and the entropy changes ofaitin corrosion
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energies for the transition state complex. R is fbgect gas constant. The apparent activatioergy was
determined from the slopes of Lnyf) vs (1/T) graph depicted in Fig.10.
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Fig 11. Relation between Ln (/T) and 1000/T at different temperatures

A plot of In (l/T) against 1/T (Fig. 11) gave a straight line wstbpe @Ha /R) and intercept (IN(R/N A h) + (
AS, IR)), from which the values dAH, and AS, were calculated and listed in Table 8.

Table 8: Activation parameters for the corrosion ofCopper in (2M HzPO, + 0.3M NacCl) in the presence and absence of 1 of NPEPB

respectively
Inhibitor | £2  AMa o AS B -AH, AG
(kJ/mol) (kJ/mol) (J/mol) (KJI/mol) (kJ/mol) (T=298K)
Blank 5.90 3.31 -192.002,60 60.52

NPEPB  27.60 25.00 -137.02,60 65.83

The increase in activation energy (Ea) of inhibitmutions compared to the blank suggests thabitalni is
physically adsorbed on the corroding metal surfada|e either unchanged or lower energy of actoatin the
presence of inhibitor suggest chemisorption [85$. ikported in Table8, Ea values increased gredtty #he
addition of the inhibitor. Hence corrosion inhibiti of NPEPB is primarily occurring through physiealsorption.

The positive signs oAH; reflected the endothermic nature of the Copper hlissn process. The value oS, is

higher for the inhibited solution than that for tnainhibited solution. This phenomenon suggestatdtdecrease in
randomness occurred on going from reactants tadtieated complex. This might be the result ofddsorption of
organic inhibitor molecule from the acidic solutiaich could be regarded as a quasi-substitutiongss between
the organic compound in the aqueous phase and malecules at electrode surface [86].

Large negative values of entropies show that thiwaied complex in the rate determining step isaasociation
rather than dissociation step meaning that a dser@a disordering takes place on going from redstém the
activated complex [87-88].

3.7 Optical microscopy (OM)

In order to study the morphology of the carbon Isseefaces in contact with acidic solution, Opticaicroscopy
OM was used. The Copper specimens after immergi@v H;PO, + 0.3M NaCl solution for 7 days at 298K in
the absence and presence of optimum concentratiNRBPB and CPEPB, the specimens were taken dat] end
kept in a dessicator. The OM images of Copper irsegtin 2M HPQ, + 0.3M in the absence and presence of the
optimum concentration of the two inhibitors arewhan Fig.11
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Fig. 11. OM (x200) of tinplate (A) before immersia (B) after 6h of immersion of copper in phosphoricacid (C and D) after 6h of
immersion in 2M HsPO,+0.3M Nacl +10°M of CPEPB and NPEPB at 298K

The resultingOptical microscopymicrographs reveal that, the surface was damagedgote corrosion in
absence of the inhibitor (blank), but in presernfche inhibitors, there is a much less damage ersthface.
This is attributed to the formation of a good petite film on the copper surface.

CONCLUSION

From all the results, it can be concluded as fadlow

* NPEPB and CPEPB ILs act as good Copper corrosioibitors in 2M HPO, + 0.3M Nacl. All electrochemical
tests are in good agreement with the maximum peagenof inhibition efficiency obtained at the coniration of
10°M.

» Potentiodynamic polarization measurements demdastiat NPEPB and CPEPB act as mixed-type inh#itor
e The adsorption of the two ILs molecules on the @vpgurface obeys The Langmuir adsorption isothérne

negative values of free energy of adsorptidh Q.q9 indicate that the adsorption process is spontaemnd
chemically adsorbed on the copper surface and iigdke active sites.

» The results obtained from weight loss, polarizatanves and EIS are in reasonably good agreemeNR&PB
and CPEPB.

» Surface morphological studied with Optical micrgsgonicrographsshowed that a film of inhibitors is formed
on the copper electrode surface.

* Quantum chemical studies have been performusthg the B3LYP/6-31+G(d,p) method to investey the
properties of two newly synthesized ioniculds and how their molecular properties relaietheir ability to
inhibit copper corrosion. A comparison of all timelecular properties suggests that NPEPB is arbetteosion
inhibitor than CPEPB. This result agrees well with experimental inhibition efficiencies reportedtie study.
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