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ABSTRACT

The adsorption and inhibition efficiency effect of enaminonitrile derivatives on the CulONi alloy in 0.5 M HCI were
investigated using electrochemical techniques (potentiodynamic polarization, electrochemical impedance
spectroscopy (EIS) and electrochemical frequency modulation (EFM)). The inhibition efficiency of the inhibitors
increased with increasing the concentration of the derivatives and decreased with increasing the temperature.
Polarization curves revealed that these compounds are mixed type inhibitors. The adsorption of these compounds
follows Temkin adsorption isotherm. Some thermodynamic parameters of activation and adsor ption processes were
also determined and discussed.
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INTRODUCTION

The widespread use of copper alloys depends omaioation of good corrosion resistance, excelleotkability,

high thermal and electrical conductivities andaattive mechanical properties [1-2]. The electrocicafrbehavior
of cupronickels has extensively studied under diffé experimental conditions using various teche&[B-12]. It
was reported that the increase of Ni content imgsothe corrosion resistance of the alloy at higlorate

concentration (> 0.5 M) [13]. The interest in stuimdythe corrosion and electrochemical charactegstf CulONi
alloys arose because of their good corrosion @sist and the resistance of copper alloys to bictdgesidues.
Therefore, most of the studies focused on theiabien in marine environment. Studies were perforimechloride

[14-16], in either natural or synthetic sea waiteithe absence [4&17] or presence of sulfide [18-i®understand
the corrosion mechanism under different conditiomsyever, studies in alkaline medium [20-23] oraicidic

sulfate [24] have also been reported.

The aim of this article is to use the investigatethpounds as a corrosion inhibitor for CulONi aliley.5 M HCI
solution. Measurements were conducted under diffexeperimental conditions using various corrosiunitoring
techniques, such as potentiodynamic polarizatioafg[Tpolarization), electrochemical impedance spscopy
(EIS) and electrochemical frequency modulation (EFM

MATERIALS AND METHODS

The working electrode was made from CulONi rod. Tdw was mounted into a glass tube and fixed bididea
leaving a circle surface geometry of 1 cm diam&eontact the test solution. Prior to each expeninthe working
electrode was polished with a different gradesnoéy paper up to 1200 grit, rinsed with acetone famally with

doubly distilled water. The auxiliary electrode wakatinum wire, while a saturated calomel electrd8€E)
connected to conventional electrolytic cell of cgipal00 ml.
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The experiments were conducted in 0.5 M HCI soluamd with different concentration (1x16 1x10* M) of
organic compounds. The structures and moleculagi®iof the investigated organic compounds are shiow
Figure (1). All solutions were freshly preparedngsianalytical grade reagents and doubly distilleaten All
experiments were performed at required temperatufe.

No. Structures and names Chemical formula| Mol. Wt.

Ty

A CHzcoocsz C,4H24CIN;O 493.95
ethyl 2-(((Z)-1-amino-2-cyano-2-((/)-(1,5-dimethyl-3-oxo-
2-phenyl-2,3-dihydro-1/ -pyrazol-4-yl)diazenyl)vinyl)
(4-chlorophenyl)amino)acetate

B \l CaeH23N70 44951

(Z)-3-amino-2-((E£)-(1,5-dimethyl-3-oxo-2-phenyl-2,3-
dihydro- 1 -pyrazol-4-yl)diazenyl)-3
(diphenylamino)acrylonitrile

Potentiodynamic polarization
Potentiodynamic polarization curves were recordedhanging the potential automatically from -600 e+ 200
mV with scan rate 1mVs

The inhibitive efficiency (% IE) was calculated dioying Eq. (1):
% IE =6 x 100 =1 — (in/ ifed] X 100 @
where jn and jee are the corrosion current with and without intobjtrespectively.

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy measursmene carried out in frequency range of 100 kH@.ioHz
to using ac signals of amplitude of peak to peatespective potentials. The inhibition efficienci@ IE) and the
surface coveragé) obtained from the impedance measurements aneadkfiy the following Eq. (2):

% IE =[1 — (R;/ R'¢)] x100 2)
where R; and R are the charge transfer resistance in the absentpresence of inhibitor, respectively.

Electrochemical frequency modulation

Electrochemical frequency modulation measuremergsevearried out using potential perturbation signaith
amplitudes of mV. The experiments were carriedumimg two frequencies, 2 Hz and 5 Hz. The highegdency
must also be sufficiently low that the chargingloed double layer does not contribute to currentaase [25]. This
technique is fast, nondestructive and has inteselflcheck in the form of two causality factors {245.

Before polarization, EIS and EFM experiments therogircuit potential (OCP) of the working electroddich was
measured as a function of time during 30 minute titme needed to achieve a steady state.

Electrochemical experiments were performed usitygpical three-compartment glass cell consistechef CulO0Ni
alloy specimen as working electrode (1%nsaturated calomel electrode (SCE) as a referetemrode and a
platinum foil (1 cn) as a counter electrode. The reference electradecannected to a Luggin capillary and the tip
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of the Luggin capillary is made very close to theface of the working electrode to minimize IR dréyl the
measurements were done in solutions open to atrecspimder unstirred conditions. All potential valugere
reported versus SCE. Prior to every experimentetéetrode was abraded with successive differeadeg of emery
paper, degreased with acetone and washed witHilbédisvater and finally dried.

All electrochemical measurements are carried oitguBotentiostat /Galvanostat / ZRA (Gamry PCI 390 his
includes Gamry Framework system based on the ESA&@D a personal computer with DC 105 softwaredfor
corrosion measurements, EIS300 software for impsglameasurements and EFM140 software for electroiciaém
frequency modulation. Echem Analyst software 5.5 waed for plotting, graphing and fitting data. fest the
reliability and reproducibility of the measuremerdsplicate experiments were performed in each ahtiee same
conditions.

RESULTS AND DISCUSSION

Potentiodynamic polarization

Polarization curves were shown in Figure (1) forlQnNi alloy in 0.5 M HCI in the absence and preseate
different concentrations of compound A af@0Similar curves were obtained for compound (B tat shown. It

is clear that both anodic metal dissolution andhedic H reduction reactions were inhibited when investidat
inhibitors were added to 0.5 M HCI and this inhinit was more pronounced with increasing inhibitor
concentration. Tafel lines are shifted to more tiggaand more positive potentials with respecthte blank curve
by increasing the concentration of the investigandibitors. This behavior indicates that the unaleen additives
act as mixed-type inhibitof27]. The values of corrosion potential,E corrosion current density.j, Tafel slopes
(Ba & Bo), corrosion rate CR and inhibition efficiency abeed from these measurements are summarized ire Tabl
(2). It is clear from this Table that the corrosimurrent density decreases with increasing the exanation of the
investigated compounds. Moreover the negative stiiftcorrosion potential indicates that the investigl
compounds are mixed-type inhibitors but mainly odih inhibitor than anodic one [28-29].

The decrease in the corrosion current density hadricrease in the inhibition efficiency may beibtited to the
adsorption of the investigated compounds on tley allirface.

0.0
_02 -
>
= i
= —=—Blank (0.5M HCI)
Q — - —1x10°M
S %47 5x10°M
—+—1x10°M
] 5x10°M
— < —1x10"M
0.6 - L
T LR | LALLM | UL | LR | LR | T
1E-7 1E-6 1E-5 1E-4 1E-3 0.01

. -2
log j,,, MA cm

Figure 1 Potentiodynamic polarization curves for tte dissolution of Cu10Ni alloy in 0.5 M HCI in the Asence and presence of different
concentrations of compound A at 30C

Electrochemical impedance spectroscopy

The effect of inhibitor concentration on the impeda behavior of CulONi alloy in 0.5 M HCI solutiah 25 °C is
presented in Fig. 3. The curves show a similar ypdlyquist plots for CulONi alloy in the presenmievarious

concentrations of inhibitor (A). Similar curves wenbtained for other inhibitor but not shown. Théstence of

single semi-circle showed the single charge trarmfecess during dissolution which is unaffectedhs presence
of inhibitor molecules. Deviations from perfect aitar shape are often referred to the frequencyedsson of
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interfacial impedance which arises due to surfacghness, impurities, dislocations, grain boundarelsorption
of inhibitors, and formation of porous layers anchbmogenates of the electrode surface [30].

Table 1 The effect of concentration of the investaged compounds on the free corrosion potential (&), corrosion current density (iorr),
Tafel slopes B.& ), inhibition efficiency (% IE), degree of surfacecoverage @) and corrosion rate (CR) for the corrosion of Cu-DNi
alloy in 0.5 M HCl at 30°C

conc.  -Ecorr jcorr ﬁa BC 0, CR
Compound uM mV  pAcm? mVdect mVdec 0 PIE y*
Free acid 0.0 176 152.0 101 408 --- 69.6

1 189.0 108.0 98.4 4557 0.289 289 494

5 202.0 73.8 94.5 378.2 0514 514 337

A) 10 212.0 44.4 86.4 219.7 0.708 708 20.3
50 222.0 34.7 85.9 2011 0772 77.2 15.9

100 229.0 33.8 91.9 2051 0.778 77.8 155

1 192 117.0 130 400 0230 23.0 53.47
5 202 86.90 115 343 0428 428 39.7
(B) 10 224  50.40 118 373 0668 66.8 230
50 253  41.10 131 315 0730 73.0 188
100 230  34.10 91 192 0776 776 15.6

Ret

— i
R
1 -

] L

1l

Ca

Figure 2 The equivalent circuit model used to fit tk experimental results

Table 2 Electrochemical kinetic parameters obtainebm EIS technique for the corrosion of CulONi alloyin 0.5 M HCI at different
concentrations of investigated compounds at 30°C

Conc., Rp Cai o
Compound uM Qcn?  Fonf 0 % |E
Blank 0.0 82.7 1.2x10°

1 398.8 2.5x10° 0.793 79.3

5 432.0 2.3x10° 0.809 80.9

A 10 4535 2.2x10° 0.818 81.8
50 544.4 1.8x10° 0.848 84.8

100 671.7 1.5x10° 0.877 87.7

1 2144 46x10° 0614 614

5 292.3 3.4x10° 0.718 71.8

B 10 383.7 2.5x10° 0.785 78.5
50 479.8 2.2x10° 0.828 82.8

100 556.6 1.8x10° 0.852 85.2

Electrochemical kinetic parameters obtained by tekdhnique for the corrosion of CulONi alloy in O/bHCI at
different concentrations of investigated compouatd80°Cwere reported in Table (3). It is clear from thable
that the polarization resistance increases witheeging the concentration of the investigated camgs while G
values tend to decrease. The decreaseyiis @ue to the adsorption of the investigated comgsuon the alloy
surface [31] and it can be explained on the basisthe double layer between charged alloy sudackthe solution
is considered as an electrical capacitor. The dserén the capacitance may be attributed to thedton of
protective layer on the alloy surface [32].
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Figure 3 The Nyquist plot for Cul0ONi alloy in 0.5M HCI solution in the absence and presence of diffent concentrations of compound
Aat25°C

Electrochemical frequency modulation

The EFM technique is used to calculate the anodit @thodic Tafel slopes as well as the corrosiomeat
densities for the investigated compound. Figures g8d 3b) show the EFM intermodulation spectraotspeof
current response as a function of frequency) of GBlilalloy in 0.5 M HCI and in presence of 1X10 of
compound A, respectively as an example. The cdkdilelectrochemical parametergj B¢ pa, CF-2, CF-3 and %
IE) are given in Table (4). The values of causafdgtors obtained in absence and presence of igesd
compounds are approximately equal the theoretighles (2 and 3) indicating that the measured daafhigh
quality [33]. It shown from the Table that the ammion current density decreases with increasingtimeentration
of the investigated compounds with respect to blamé hence the inhibition efficiency increases emlicate that
the investigated compounds inhibit the acid comosif the alloy through adsorption.

1.000 ma

- Blank (0.5M HCI) |

100.0us -

1000 ua

Currert (&)

1.000us -

100.0na

10.00 na, ' ' ' ' ' ' ' ' '
0.000Hz S00.0 mHz 1.000 Hz

Frequency (Hz)

Figure 3 a EFM intermodulation spectra of CulONi #oy in 0.5 M HCI
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Figure 3b EFM intermodulation spectra of Cu10Nialloy in 0.5 M HCI in the presence of 1x10 of compound (A)

Table 4 Electrochemical kinetic parameter obtainedy EFM technique for the corrosion of Cul0Ni alloyin 0.5 M HCI at different
concentration of the investigated compounds

Conc., o Ba, Be,
Compound M WAcn?  mVdec! mvV dect CF-2 CF3 0 % IE
Blank 0.0 165.6 31 54 2.0 3.5
1 75.5 34 41 1.9 35 0544 544
5 72.0 32 54 2.0 3.4 0559 599
A 10 56.6 29 44 2.0 35 0.658 65.8
50 51.9 29 45 1.9 3.4 0.686 68.6
100 45.9 29 45 2.0 35 0722 722
1 90.8 33 52 2.1 35 0452 452
5 87.8 34 45 2.0 3.3 0.469 469
B 10 77.8 37 63 2.1 3.0 0,530 53.0
50 62.0 33 50 2.0 35 0.626 62.6
100 53.6 32 48 2.0 35 0.676 67.6

Adsorption isotherm

It is widely acknowledge that adsorption isothepnovide useful insight onto the mechanism of therasion
inhibition as well as the interaction among the aadsd molecules themselves and their interactiotin wie
electrode surface [34].

The protection efficiency has often been taken aseasure of the degree of surface coverage of #tel murface
with particular inhibitor. With this definition, thdegree of surface covera@g ¢an be calculated from Eq. (3):

0 =% IE /100 3)
The dependence 6fon inhibitor concentration (C) can be analyzeshgdiemkin isotherm
0 = 2.303/a log Kys+ 2.303/alog C 4)

where Ksis the equilibrium constant of the adsorption tiesxcwhich related to standard free energy of gotsan
AG®sby Eq. (5) [35]:

log Kags= -log 55.5 -AG°,q¢/ 2.303RT (5)

where the value of 55.5 is the concentration ofewat solution in mole /L. Hence, a plot &fversus logs C as
shown in Fig. (4), give a straight line with a stopf 2.303/a and intercept equal 2.303/a lgg, Kcrom slope and
intercept we can calculate the equilibrium constaihfdsorption K4, The heat of adsorptionH®,4s could be
calculated according to Van't Hoff equation [36]:

log Kags= constant AH®,qd2.303RT (6)

In order to calculate heat of adsorptidtH(.q9, l0g Kagswas plotted against 1/T as shown in Fig (5). Tinaight
lines were obtained with slope equal taH*,4d/2.303R). Then according to the basic equation (7):
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AG‘oads =AH®33s—TAS s (7)

By introducing the obtainedG°,4s andAH® 45 vales in equation (7), the entropy of adsorptiaB%yJ) valueswere
calculated at all studied temperatures. All estedahermodynamic adsorption parameters for studiedpounds
on CulONi alloy in 0.5 M HCI solution were listad Table (4). From the listed data it can be coneltit:

a)K .gsvalues decrease with increasing the temperatane 25 — 55 °C

b)The negative values afG°,4sreflect that the adsorption of the investigated pounds on the alloy surface is
spontaneous process [37].

C)AG°gsmay increase (become less negative) with an ineredsemperature which indicates the occurrence of
exothermic process at which adsorption was unfdleravith increasing reaction temperature as thaltred the
inhibitor desorption from the alloy [38].

R°=0.90
1 " at25C R°=0.97
0509 | e at35°C
at 45°C

at 55°C

R°=0.96

R°=0.93

0.10 -7t - r - T rrr - 1t 1T 1T 1T 1T
62 -60 -58 56 54 52 50 -48 -46 -44 -42
log C

Figure 4 Temkin adsorption isotherm of compound (Aon CulONi alloy in 0.5 M HCI at different temperaures

d)It is usually accepted that the valuesA@°,qsaround -20 kJ mdi or lower indicates the electrostatic interaction
between charged metal surface and charged orgasacuoies in the bulk of the solution while thoseward -40 kJ
mol™ or higher involve charge chairing or charge transetween the charged metal and the organic metefd)].
From the obtained values &fG°,ysit was found that the existence of comprehensiv&gadion (physical and
chemical adsorption). That is to say, since thegd®n heat approached the general chemical watteat, the
chemical adsorption occurs.

e)The negative sign oAH°,4sreveals that the adsorption of the inhibitor molesuis an exothermic process.
Generally, an exothermic adsorption process suggetier physisorption or chemisorption while ehéomic
process is attributed to chemisorption [40]. Inreanthermic process, physisorption is compared &miborption by
considering the absolute value of adsorption epthabenerally, enthalpy values up to 41.9 kJ hrare related to
the electrostatic interactions between charged cutds and charged metal (physisorption) while trereeind 100
kJ mol* or higher are attributed to chemisorption. Thehaned electron pairs in the investigated molecolay
interact with orbitals of the metal to provide @feictive chemisorbed film [41]. In the investigatmmpound the
absolute values afS°,gsare relatively high, approaching those typicatioémisorption. The values af5°%4in the
presence of the investigated compounds are langérnggative values that are accompanied with exwmile
adsorption process [42].
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Table 4. Thermodynamic parameters for the adsorptio of inhibitors on CulONi alloy surface in 0.5 M HQ at different temperatures

Temp- Kads AGoads, AHoads. ASoads.
Compound °C M kdmo!  kImol* Jmoi*kK?

25  4.17x16" 763 0.621

35 7.2x10 57.1 0.66

Compound A 45 4309 s66 2013 0.64
55 1.4x10 55.9 0.62

25  1.44x16 622 0.22

35 1.6x10 53.4 0.24

CompoundB 5 104G 529 1275 g3
55 1.0x16 48.8 0.24

12

ads

log K

6~—r—ovr—p —— ¥
0.00305 0.00310 0.00315 0.00320 0.00325 0.00330 0.00335

1000/T

Figure 5 plot of log Kags versus 1000/T of the investigated compounds at téfent temperatures

Effect of temperature
The effect of temperature on the corrosion rat€wf0 Ni alloy was investigated in 0.5 M HCI solutim absence

and presence of different concentration of the stigated compounds in the temperature range 25659 fie
values of corrosion parameters at different tentpeeavere calculated from electrochemical frequenoglulation
data. In general, the corrosion rate which is regméed by the corrosion current density yvhich increase with
increasing temperature and the process obey tfathiéiar Arrhenius equation [43-44].

109 jeorr = log A — E/2.303RT

where A is the pre-exponential factor, 5 the apparent activation energy of the processRuis the universal gas
constant. A plot of log.j, versus 1/T gave a straight line shown in Fig (&hva slope equal -2.303R. The
enthalpy of activationH") and the entropy of activation$ ) were obtained by aping the transition sate equati
[45]

l0g (jeord T) = log (R/Nh) + AS/2.303R) - log AH/2.303RT)

By plotting log (jor/T) versus 1/ gave a straight line shown in Figwith a slopeAH /R and intercept [log (R/Nh)
+ AS/2.303R]. All estimated thermodynamic activatiomgraeters were tabulated in Table (5). It could e
from the obtained data the presence of the invatgtijcompounds lead to increase the apparent tativenergy to
a value larger than that of uninhibited solutioggesting that the higher energy barrier for theagion process in
inhibited solution associated with physical adsiorptor weak chemical bonding between the investidat
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compound and the alloy surface [46]. All valuesEofare larger than the analogous valued\df indicating that
the corrosion process must involved a gaseousiogastimply the hydrogen evolution reaction [4itje entropy of
activationAS' in absence and presence of inhibitor has negatilees this indicates that the activated complex in
the rate determining step prefer association rathean dissociation, meaning that, a decrease wraksing takes
place on going from reactants to the activated der@8].

R’=0.96
R’=0.95
] Blank (0.5M HCI) ,
185 e 1x10°M R“=0.99
. 6
1.80 5X105 M v - R*=0.97
1 v 1x10°M
1.75 5x10° M R*=0.99
h T T T T T T T !

3.00 3.I05 3.I10 3.I15 3.20 3.25 3.30 3.35
(1/T) x 1000

Figure 6 Arrhenius plots (log for vs. 1/ T) for CulONi alloy in 0.5 M HCI in the absnce and presence of different concentration of
compound A

-0.25 4
-0.30
-0.35
-0.40 H
-0.45 A
E_-050
8 .
=
8’ —0.55—_
= 0604 Blank (0.5M HCI)
e o R®=0.99
-0.65 - 5x10°
il v wxa0® )
-0.70 5x10° . R =0.95
-0.75 R*=0.99
T T T T T T T T T T T T T T !
3.00 3.05 3.10 3.15 3.20 3.25 3.30 3.35
1000/T
Figure 7 Transition state plots log §o/ T vs. (1/ T) for Cu-Ni alloy in 0.5 M HCI in theabsence and presence of different concentration of
compound A
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Table 5. Thermodynamic activation parameter for thedissolution of Cu10Ni alloy in 0.5 M HCI in the alsence and presence of different
concentrations of the investigated compounds

E. AH AS
cone-M 3 molt kI mol* I mol* K*
Compound A
Blank 16 0.8 199.8
1x10° 14.7 12.1 168.2
5x10° 15.8 14.4 162.0
1x10° 17.0 15.3 152.6
5x10° 18.8 17.3 154.3
Compound B
1x10° 14.0 115 171.0
5x10° 15.2 13.8 164.7
1x10° 16.0 14.5 159.0
5x10° 17.3 15.4 155.0

Mechanism of inhibition

Corrosion inhibition of copper — nickel alloy in HGolution by the investigated compounds indicafexin
potentiodynamic polarization, electrochemical imgeck spectroscopy and electrochemical frequencyulatioh
techniques was found to be depending on the coratemt and nature of the investigated compounds.

It is generally, assumed that adsorption of thébitdr on the metal / solution interface is thesfistep in the action
mechanism of the inhibitor in aggressive acid me#iaur types of adsorption may take place durirfgbition
involving organic molecules at the metal / solutioterface:1) Electrostatic attraction between ghdrmolecules
and charged metal 2) interaction of unshared paiedectrons in the molecule with the metal 3) tat¢ion ofn
electrons with the metal 4) A combination of thead [49]

Concerning inhibitors, the inhibition efficiencynd on several factors; such as (i) The numbadsbrption sites
and their charge density, (ii) Molecular size) (Mode of interaction with the metal surface and {ihe formation
of metallic complex [50]

The order of inhibition is decreased as the follgyvorder: A > B This is due to its larger molecuize and the
presence of Cl group which has a dual effect (a@lectron donor or electron acceptor) and henaddh may act
as donor atom which increases the electron chagsity on the molecule and hence % IE increases.
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