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ABSTRACT

The corrosion behavior of copper in the presencg-amino-4-methylphenylamine (AMPA) has been imyeasd

in 2.0 M HNQ solution using electrochemical impedance spectpgdEIS), potentiodynamic polarization and
weight loss techniques. Polarization studies shotted this compound act as mixed type inhibitorpéaance
spectroscopy measurement showed that the polanizaésistance increased and that the capacitanazedsed
with the increase in the inhibitive concentratidime adsorption of this compound on the copper serfeom the
acid solution has been found to obey Langmuir gatsam isotherm. The thermodynamic activation partrseof
copper corrosion in 2.0 M HNQwere determined and discussed. The results olutdioen EIS, Tafel and weight
loss measurements were in good agreement.

Keywords: Inhibitor, Corrosion, Copper, EIS, Polarizationdas, weight loss.

INTRODUCTION

The corrosion problems are of great interest feritidustries because they are translated in gosatoenic losses
for them. Nowadays the research of novel inhibiforsmetals or alloys is an important industriabaacademic
topic and the most efficient alternatives to proteetals and alloys from this phenomenon are teeofisubstances
[1] that being adsorbed on metallic surface. It bagn suggested [2,3] that most effective factorsirfhibiting
effects are the presence of polar atoms such a¢, @, P, the unsaturated bonds, such as doublesbamttiple
bonds [4-16] and the plane conjugated systemsdirgjuall kind of aromatic cycles [17-22] which caffer special
active electrons or vacant orbital to donate oeptelectrons.

A large number of organic molecules have at least of the above-mentioned characteristics in thmtecular
structure according to diversity of organic compdsinThe primary step [23] in the action of orgaodrosion
inhibitors in the solution is usually attributed tiee adsorption process. Studies [24,25] report duksorption
process depends on the physico-chemical propegtidise inhibitor molecule, related to the electmdensity of
donor atoms and on the possible steric effects.

Considerable attention has been drawn during tisé feav decades to inhibit corrosion of copper,tdsas wide
application in industry. Therefore, the purposehaf present paper is to investigate the inhibiiehaviour of new
compound AMPA for copper corrosion in 2.0 M Hl®olution. The corrosion protection effect of AMR¥as
investigated by means of weight loss measuremete¢ngodynamic polarisation, and electrochemicgbeaance
spectroscopy (EIS).
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MATERIALSAND METHODS

The investigated 2-amino-4-methylphenylamine (AMP&)obtained from Sigma-Aldrich chemical co. andl it
chemical structure is presented in Figure 1. Theentration range of the tested inhibitor employes 1x10 M

to 1x10°M. The material used in this study is a copper witthemical composition (in wt%) of 0.01 % Ni, (901
% Al, 0.004 % Mn, 0.116 % Si and 99.5 % Cu Prol@t®micals. Prior to all measurements, the coppapks
were pre-treated by grinding with emery paper Si80( 600 and 2000); rinsed with distilled watergmased in
ethanol in an ultrasonic bath immersion for 5 miigshed again with bidistilled water and then draédroom
temperature before use. The acid solutions (2.0MOk were prepared by dilution of an analytical redggnade
65% HNG; with doubly distilled water.
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Figure 1. The chemical structure of the studied inhibitor.

The gravimetric measurements were carried outa#finite time interval of 1 h at room temperatusing an

analytical balance (precision £ 0.1 mg). Each rwaswarried out in a glass vessel containing 100ofmthe test
solution. A clean weighed copper electrode (2 x @ cnf) was completely immersed at inclined positionha t
vessel. After the exposure time, the electrode wilkdrawn, rinsed with doubly distilled water, washwith

ethanol, dried and weighed. Two batches of teste werformed, and the data reported in this pageresent the
average value of the two tests. The weight legs ih mg, was taken as the difference in the weafhthe copper
coupons before and after immersion in different wsutions. Weight loss allowed calculation of theean

corrosion rate@g) in mg cn® b,

Electrochemical measurements were carried outéoraentional three-electrode cylindrical Pyrex glasll. All
electrochemical tests have been performed at 308rin-de-aerated solutions The working electra&) in the
form of disc cut from copper has a geometric afe@.28 cnfand is embedded in polytetrafluoroethylene (PTFE).
A saturated calomel electrode (SCE) and a platielgotrode were used, as reference and auxiliastreties,
respectively. A fine Luggin capillary was placeds® to the working electrode to minimize ohmic s&sice. The
working electrode was immersed in test solutiorirduB0 minutes until a steady state open circuieptial Eocp)
was obtained.

Electrochemical impedance spectroscopy experimerete conducted using Tacussel-Radiometer PGZ 3@1 an
Voltamaster.4 Software was used to run the testd@igollect the experimental data. Ac impedancasuements
were carried-out in the frequency range of 100 kbl20 mHz, with 10 points per decade, by applyifgmiV ac
voltage peak-to-peak. Nyquist plots were made ftlogse experiments.

Potentiodynamic polarization experiments were cetetliusing an electrochemical measurement systemssal
Radiometer PGZ 301 controlled by a PC supportedditamaster.4 Software. The polarization curve vegorded
by polarization from -150 to 150 mV verskg, with a scan rate of 1 mV'ainder air atmosphere

RESULTSAND DISCUSSION

Weight loss measurements

Effect of concentration

The inhibition effect of the investigated 2-aminangéthylphenylamine (AMPA) at different concentraisoon the
corrosion of copper in 2.0 M HNQOsolution was studied by weight loss measurement30a K after 1 h of
immersion period. The corrosion ratez] and inhibition efficiency/w (%), were calculated according to the Egs.
1 and 2, [26, 27] respectively:

— Wb _Wa

C
R At

1)
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o (%) = 1—% x100 @

0

whereW, andW, are the specimen weight before and after immeiisiohe tested solutiomy, andw; are the values
of corrosion weight losses of copper in uninhibitedl inhibited solutions, respectivel,the area of the copper
specimen (cff) andt is the exposure time (h).

The values of percentage inhibition efficieney,( %) and corrosion rateCg) obtained from weight loss method at
different concentrations of AMPA at 303 K are sumiged in Table 1.

Table 1. Corrosion parameter s obtained from weight loss measurementsfor copper in 2.0 M HNOj containing various concentr ations of

AMPA at 303K.
Cinn Cr I

(M) (mgen?h?) (%)

Blank 1.780 -
1x10° 1.594 10.4
1x10* 1.454 18.3
5x10° 1.022 42.6
1x10° 0.821 53.9
5x10° 0.654 63.3
1x10%? 0.590 66.9

From table 1 the measurements for different comagahs of amine derivative show that this inhibitehibits the

corrosion of copper. Corrosion rate values of copgecrease when the inhibitor concentration in@sadhe

inhibition efficiencyzw. (%) increases with increasing inhibitor conceiratAt 102 M for each inhibitor studied,
the inhibition efficiency attains 67%.

Effect of temperature

Temperature can affect the steel corrosion in didi@amedia in the presence and absence of inhik&enerally the
corrosion rate increases with the rise of the teatpee. To determine the action energy of the @doro process,
gravimetric measurements are taken at various teatypes (303-343 K) in the absence and presenitenititor at
102 M after 1 h of immersion.

The corresponding results are given in Table . dtear that the increase of corrosion rate isenpponounced with
the rise of temperature for the blank solutiontha presence of the tested molecules, corrosienisatduced even
at high temperaturep,, (%) passed from 66.9 to 12.9% when temperatues fiwm 303 to 343 K at M of this
compound. We note that the efficiency of the infoibtested depends on the temperature and decrwikebe rise
of temperature from 303 to 343 K.

Table 2. Various corrosion parametersfor copper in 2.0 M HNOzin absence and presence of optimum concentration of AMPA at
different temperatures.

Tem 0 Cr WL
(K)P Inhibitor (mg on? 1) ?%)
Blank 1.780 @ coemem e
303 AMPA 0.590 66.9 0.669
Blank 7.333 e -
313  AMPA 2.884 60.7 0.607
Blank 2497 e aoeee-
323 AMPA 11.52 53.9 0.539
Blank 70.82  oeeem ooee-
333 AMPA 46.27 34.7 0.347
Blank 186.6 --moom oo

343  AMPA 162.6 129 0.129

The activation thermodynamic parameters of theoston process were calculated from Arrhenius Ey.af®d
transition state Eq. (4) [28]:

E
Ck: =k — 3
R exp{ RTJ ®)
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RT AS AH
Cr =——ex 2 lexp ——2 (4)
Nh R RT
where E, is the apparent activation corrosion enerByis the universal gas constatt,is the Arrhenius pre-
exponential factorh is Plank’s constant\ is Avogrado’s number)S, is the entropy of activation artH, is the

enthalpy of activation.

Figure 2 presents the Arrhenius plots of the natagarithm of the corrosion rate vs. 1/T for coppe2.0 M HNG;
without and with addition of AMPA. The calculatedlves of activation energy are given in Table 3 @hta show
that the activation energy {Eof the corrosion in copper in 2.0 M HN®olution in the presence of this compound
is higher than that in the free acid solution. Tierease in the apparent activation energy for eppgissolution in
inhibited solution may be interpreted as physiagaaption that occurs in the first stage [29]. Sraand Brand
explained [30] that the increase in activation ggeran be attributed to an appreciable decreaeiadsorption of

the inhibitor on the copper surface with increastemperature.

®  Blank
6 - * AMPA

Ln (C) (mg cm’ i)

2.9 ' 3.0 ' ’ol’.l ' 3.2 3.3 ' 3.4
1000/ T (K"

Figure 2. Arrheniusplotsof Ln Cg vs. UT for copper in 2.0 M HNOs in the absence and the presence of AMPA at optimum
concentration.
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Figure 3. Arrheniusplotsof Ln (Cgr /T) vs. 1T for copper in 2.0 M HNOg in the absence and the presence of AMPA at optimum
concentration.
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Figure 3 shows a plot of LGB&/T) against IT. A straight lines are obtained with a slope of
(-AH4/R) and an intercept of (LR/Nh + AS/R) from which the values afH, andAS, are calculated and are listed
in Table 3. Inspection of these data reveals timafH, value for dissolution reaction of copper in 2.0HWO;in
the presence of AMPA is higher than that of in #iesence of inhibitor. The positive signs &ifl, reflect the
endothermic nature of the copper dissolution pmcagygesting that the dissolution of copper is siowthe
presence of inhibitor [31].

In addition, the value &S, was higher for inhibited solutions than that foe uninhibited solution (Table 3). This
suggested that an increase in randomness occumrggbiag from reactants to the activated complexusTthe
increasing in entropy of activation was attributedhe increasing in solvent entropy [32].

Table3. Corrosion kinetic parametersfor copper in 2.0 M HNO;3 at 303K of AMPA

or (o K Unesegresson By - AH, - AS,

(kJ/mol)  (kJ/mal) (J/mol K)
Blank 3.663x1H 0.999 100.21 97.53 82.36
AMPA 4.652x16" 0.999 121.17 118.49 141.78

Adsorption isotherm

The interactions between the extracts and the coppeéace can be examined by the adsorption isoth&he
inhibition efficiency is directly proportional tdhé¢ fraction of the surface covered by the adsorhetecules §),
which was calculated in this case using the egnatie 7w (%)/100. The adsorption isotherms most frequently
used are Langmuir, Temkin, Frumkin and Flory-Huggifherefore, each of these adsorption isothernsstesied
for its ability to describe the adsorption behavadr extracts on a copper surface in an HNsdlution. The
coefficient of determination @R was considered to choose the isotherm that k&=t the experimental data. The
linear relationships of /6 vs. C, shown in Figure 4, suggest that the adsorptioAMPA on the copper obeyed the
Langmuir adsorption isotherm. This isotherm camdpgesented as:

C_1.c )
6 K

where K is the adsorption constant, C is the comaton of the inhibitor and surface coverage val@® are
obtained from the weight loss measurements folouarconcentrations. Plots 6f/ 6 versusC yield a straight line

as shown in Fig. 4. In both cases the linear rsipascoefficients R) are almost equal to 1 and the slopes is very
close to 1, indicating that the adsorption of AMBA2.0 M HNG; follows the Langmuir isotherm and exhibit
single-layer adsorption characteristic. Accordiadg=ty. 5, K can be calculated from intercept on@hkd axis. By

use of the equation belolG. . can be calculated from K.

ads

AG,, =-RTLM55.5K,) (6)

Where R is gas constant and T is absolute temperatti experiment and the constant value of 55.5hés
concentration of water in solution in mol'LThe thermodynamics parameters derived from Larigadsorption
isotherm for the studied compound, are given inl&db
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Figure 4. Langmuir adsor ption of AMPA on the copper surfacein 2.0 HNO; solution.

Table 4. Thermodynamic parametersfor the adsor ption of AMPA in 2.0 HNO; on the copper at 303K .

= AG

K
(M) ads
(kJ/mol)
AMPA  2869.01 0.99961 -30.17

Inhibitor

The values ofAG;dswas also listed in Table 4. The negative vaIuesA@;d suggest that the adsorption of

S

o

AMPA is a spontaneous process. Generally speakaiges of AG,_  up to -20 kJ met indicate the electrostatic

attraction between the charged metal surface aratget organic molecules in the bulk of the solution
(physisorption). Those around -40 kJ thoir smaller involve charge sharing or charge tremb&tween the metal

and the organic molecules (chemisorption) [33]. 'dEIaEuIatedAG;lds value for AMPA is between -40 kJ mbl

and -20 kJ mot ,indicating that the adsorption mechanism of ttesnpound on copper in a 2.0 M nitric acid
solution at 303K was a combination of both phygion and chemisorptions.

Polarization measurements

The effect of the concentration of AMPA is showrFiilg.5 which presents the anodic and cathodic ITafeves of
copper in 2.0 M HN@ Values of cathodi@, Tafel constant and corrosion current density ated in Table 5.
These values were calculated from the intersectidhe anodic and cathodic Tafel lines of the gaktion curve at
E.o- The inhibition efficiencies are calculated by tb#dwing expression:

U
E (%) = _corr  corh) 'y 100 )
corr
where l¢or and leongnny are the corrosion current densities for coppectede in the uninhibited and inhibited
solutions, respectively.
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Figure5. Polarisation curves of copper in 2.0 M HNOs for various concentrations of AMPA.

It is evident from Table 5 and Figure 5 that théugaof p. changed with increase in inhibitor concentratiow a
indicates the influence of the inhibitor on thedtins of the hydrogen evolution. The corrosion entrdensity (L)
decreased by the increase in the adsorption ofmthibitor with increasing inhibitor concentratioAccording to
Ferreira et.al [34] and Li et. al. [35], if the giacement in corrosion potential is more than 85 with respect to
the corrosion potential of the blank solution, thkibitor can be consider as a cathodic or anogpe.tIn present
study, maximum displacement was 42.2 mV with resfethe corrosion potential of the uninhibited gdenwhich
indicates that the studied inhibitor is a mixedetgg inhibitor.

Table5. Polarization data of copper in 2.0 M HNO; without and with addition of inhibitor at 303K .

. Conc Ecorr 'Bc Icorr EI
Inhibitor ™ (mVISCE) (mVidec) (A cm?) (%)
Blank 2.0  34.0 3047 3651 -

102 -08.2 1731 1218  66.6
10° -08.1 1746 1579  56.8
AMPA 104 150 1839 2907 204
10°  5.80 1621 3182  12.8

Electrochemical impedance spectr oscopy
Figure 6 shows the impedance spectra of coppeinalotat open-circuit potential after an exposurgaggeof 30

min in 2.0 M HNQ solution in the absence and presence of differententrations of AMPA at 303 K.
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Figure 6. Nyquist plotsfor copper in 2.0 M HNOg3 in the absence and presence of different concentrations of AMPA at 303K .
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The analysis of Figure 6 shows that AMPA inhibite titric acid corrosion of copper. Indeed, thespree of
AMPA increases the impedance (i.e., size of theacifipe loop) with increasing of inhibitor conceatipn. The

increase in the size of the capacitive loop with @lddition of AMPA molecules show that a barrieadyrally forms

on the copper surface. The barrier is probablytedldo the formation of an inhibitor surface filiraugh its

adsorption on the copper surface. The recordeddanee spectra are, in all cases, characterizedebggpearance
of two clearly resolved time constants relatedhte both capacitive loops, the first loop in highduency (HF)

range and the second one in the low frequency (@fge. The first capacitive loop can be relatechi@rge-transfer
in corrosion process [36]. The depressed form efhigher frequency loop reflects the surface inhgeneity of

structural or interfacial origin, such as thosenun adsorption processes [37]. The presence ®fstétond
capacitive loop may be attributed to the adsorptbrinhibitor molecules on the metal surface anditbrother

accumulated kinds at the metal/solution interfaekilpitor molecules, corrosion products, etc.) [38]

It is well-known that it is essential to develojg thppropriate models for the impedance which can be used to fit
the experimental data and extract the parameteishwdinaracterize the corrosion process. Indeediriwd with
many suggested equivalent circuits to fit our ingrezk data using computer program EQUIVCRT [39]. these
reasons, the total resistance (polarization resistd,) values are calculated from the difference in idpee at
lower and higher frequencies, as suggested by Tetuali [40], using a non-linear least squareffttcircle option”
(Table 6). The related inhibition efficiency;(%), is calculated frorR, using the following equation:
Rep —R;
nz(%) = "5 x100 C)
(i)

whereR, and R, are the ac polarisation resistance of copper reléetin the uninhibited and inhibited solutions,
respectively. To obtain the capacitan the frequency at which the imaginary componenthef impedance is
maximal (Zyay is found as represented in the following equaliy:

-
27

max RP

C=

Table 6. Impedance parameter s and inhibition efficiency valuesfor copper in 2.0 M HNOj3 containing different concentrations of AM PA
at 303 K

Conc R, foax  C Nz
(M) (Qcrmf) (Hz) (uFcm?) (%)
Blank 2.0 091.41 15.82110.11  -----
102 274.3 07.14 081.3 66.7
10° 207.6 08.92 085.9 56.0
10 1137 14.04 099.7 19.6
10° 106.2 14.04 106.7 13.9

Inhibitor

AMPA

The analysis of the electrochemical parameters stbat theR, value increases when the AMPA concentration
increases, giving consequently a decrease in th®sion rate. It is important to emphasize that viadues of
capacitanceQ) decrease with increasing concentration of inbibiThe inhibition efficiencyy,(%) is also found to
increase with the concentration of AMPA, reachiisgmaximum value at 10M.

CONCLUSION

2-amino-4-methylphenylamine (AMPA) acts as an iithibfor corrosion of copper in 2.0 M HNGolution. EIS
measurements also indicates that the inhibitorop@rdince increase due to the adsorption of molecuighe metal
surface. Potentiodynamic polarization measurem&mbsved that the inhibitor acts as mixed type ofhiitbr. The
inhibitor showed maximum inhibition efficiency (ajm 67%) at 1 M concentration of the studied inhibitor. The
inhibition efficiency of AMPA decreased with tempture, which leads to an increase in activationrggnef
corrosion process. The adsorption of 2-amino-4-gipktienylamine follows Langmuir's adsorption isotheiThe
adsorption process is spontaneous and exotherggongpanied by an increase of entropy. The restitaired
from different experimental studies are in gooceagnent.
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