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ABSTRACT

The product namely Hexa Propylene Glycol Cyclowmgthazene (HPGCP) was synthesized and its intabitiv
performance as corrosion inhibitor towards the amion of copper in neutral solution of 3% NaCl Hasen
investigated using potentiodynamic polarizationectdlochemical impedance spectroscopy (EIS) and réegn
electron microscopy (SEM). Polarization curves dadé that HPGCP is a mixed inhibitor, affecting bhagathodic
and anodic corrosion currents. The inhibition effiicy of HPGCP, which reached 96 %, was observetDihM
concentration. The adsorption of the inhibitor dre tcopper surface in the 3% NaCl solution was fotmdbey
Langmuir's adsorption isotherm. The inhibition maolsm was determined by potential of zero charge
measurements and some electronic parameters.

Keywords: Electrochemical impedance spectroscopy, cyclotgphazene, corrosion of copper, potentiodynamic
polarization.

INTRODUCTION

Copper has been one of the most important metahslirstry owing to its high electrical and therrnahductivities,
mechanical workability and its relatively noble pesties. It is widely used in many applicationseiectronic
industries and communications as a conductor ictrédal power lines, pipelines for domestic andusidial water
utilities including sea water, heat conductors,th@echangers, etc. For this reason, corrosion ppep and its
inhibition in a wide variety of media, particularlyhen they contain chloride ions, have attracteddtiention of
many investigators [1-8]. Various strategies hagenbdeveloped to address the growing need fomtiibiiion of
copper corrosion. One of the most important methindthe protection of copper against corrosionhis tise of
heterocyclic inhibitors. Heterocyclic compounds teaming polar groups including nitrogen, phosphosridfur and
oxygen [9—-15] and heterocyclic compounds with pélactional groups and conjugated double bondsJ0fhave
been reported to inhibit copper corrosion.

So far, different types of heterocyclic compoundaven been explored to act as copper inhibitors.
Cyclotriphosphazene is one of the most effectivierdogyclic inhibitor in neutral-chloride aqueouduimns In
addition, amines, azole derivatives and Mercaptoldaole compounds are also potentially effectivepen’s
corrosion inhibitors [21].
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The inhibiting action of these heterocyclic compadsins usually attributed to their interactions witle copper
surface via their adsorption. Polar functional grewegarded as the reaction centre that stabditize adsorption
process [22].

In general, the adsorption of an inhibitor on aahsurface depends on the nature and the surfargelof the
metal, the adsorption mode, its chemical strucmekthe type of the electrolyte solution [23].

In this study, we have investigated the abilityhefka propylene glycol cyclotriphosphazene, HPGCB. (F) to
inhibit copper corrosion in 3% NaCl solution.

This study was also conducted by using potentioghfoigpolarization curves and electrochemical impeédan
spectroscopy diagrams and scanning electron migpgs(SEM) technique to examine the changes of tpper
surfaces corroded in test solutions with and wittiba inhibitor.

EXPERIMENTAL MATERIAL AND PROCEDURES

The chemical structure of the studied compoundésented in figure 1. HPGCP is relatively cheagp @asy to be
produced in purity greater than 95%. The non-t@fitiPGCP makes the investigation of its inhibitipigperties
significant in the context of the current priority produce “environmentally friendly” inhibitors. MGCP was
obtained according to the procedure literatureJ2}i-
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Figurel. Structure of Hexa propylene glycol cyclotiphosphazene (HPGCP)

The electrochemical measurements were performadypical three-compartment glass cell consistetth@icopper
specimen as working electrode (WE), platinum meshcaunter electrode (CE), and (Ag/AgCl) is usedthas

reference electrode with a 3M concentration 0a€the reference electrode. The counter electradeseparated
from the working electrode compartment by frittddsg. Prior to each experiment, the copper eleetwoas first

polished successively with metallographic emeryepageatments from 60 up to 1500 grades to a snaadplanar
surface which was obtained, washed several tim#shbi4distilled water then with ethanol and themedrusing a

stream of air. The electrode potential was allowedbe stabilized 40 min before starting the measerds. The
aggressive environment used to be 3% NacCl solutitmdifferent concentrations of HPGCP. All expeeints were

conducted at 298K and the temperature was keptamnssing thermostat.

Potentiodynamic polarization curves were obtaingdhmnging the electrode potential automaticaliyrfr(-1200 to
+600 mV/Ag/AgCl) versus open circuit potential with scan rate of 1mVs To evaluate corrosion kinetic
parameters, a fitting by Stern—Geary equation veasluSo, the overall current density valugsjere considered as
the sum of two contributions, anodic and cathodicenti, andi., respectively. For the potential domain not tao fa
from the open circuit, it may be considering thathbprocesses follow the Tafel law [28]. Thus,ahde derived
from Eq. (1):

i=ip +ic
i:icorrx{exdba x(E 'Ecorr)'exp[bc X(E'Ecorr)]]} (1)
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wheré,,is the corrosion current density (A &nandb, andb. are respectively the Tafel constant of anodic and
cathodic reactions (Y. These constants are related to the Tafel skdedec?) in usual logarithmic scale by:

golog 10 2.303

b 5 (@

EIS measurements were carried out in a frequenuyeraf 100 kHz to 10 MHz with amplitude of 10 mVageto-
peak using ac signals at respective corrosion iaten

Electrochemical experiments were carried out bypaisi transfer function analyzer (Voltalab PGZ108diemeter
Analytical).

The surface analysis of the copper electrode, witlhod with 1M of HPGCP after a hold time immersion of 2
days, was carried out by using scanning electramascopy(SEM, JOEL JSM-5500).

RESULTS AND DISCUSSION

Potentiodynamic polarization measurements

Figure 2 shows the manifestation of cathodic anodenpolarization curves recorded for copper in B#CI at
different concentrations of HPGCP. In figure 2isitobvious that HPGCP causes a significant decriasarrent
density {cor) s a consequence of the blocking effect of inbitn the metal surface.The three distinct regibas
appeared were the active dissolution region (appdarafel region), the active-to passive transitiegion, and the
limiting current region [29]. The cathodic corrasiteaction in NaCl solution should be the reductboxygen [30,
31]:

0,+2H,0+4€ —40H (3)

In general, the dissolution process of Cu (anodicasion reactions)is [32, 33]:
Cu— Cu +e (4
Cut - Cu®* + e (5)

But the dissolution process of Cu in the preserfaeomplexing ions such as Qbroceeds via a two step reaction

mechanism. In the first step, copper is ionizatadeun the influence of a Cion, yielding CuCl adsorbed on the
electrode by the following reaction [34, 35]:

Cu+ CI — CuCl+ e (6)

This adsorbed compound dissolves by combinatiorh veihotherCion and the diffusion of the resulting
CuCLthrough the solution is the rate determining stefhe dissolution process [36]:

CuCI+Cl — CuCh (7)

Compared with the blank solution, the corrosioreptiil E.,,) shifted more positive direction and both the daaod
and cathodic currents were decreased. This indichtg HPGCP acts as a mixed-type corrosion irdnili&7].
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Figure2. Potentiodynamic polarization curves for cpper in 3% NaCl solutions without and with different concentrations of HPGCP
after immersion for 40 min

Table 1 illustrates some kinetic parameters suctoa®sion potentialk.,,,, corrosion current density,,,, anodic
and cathodic Tafel slopés,, b., and inhibiting efficiency;(%). The corrosion inhibition efficiency is detemad by
the following equation :

i
n %:(1- %) x100 (8)
corr.

where?,, andi.,,, are the corrosion current density values withauat with the inhibitor respectively.

Table 1. Electrochemical parameters for the coppeelectrode in 3% NaCl containing different concentréions of HPGCP

C icorrx:l-o6 “Pc a
(M) | Eeor (MVIAGIAGCD) 1 ey (mvgec'l) (mvﬁec'l) %
Blank | 00 190 24 301 325 -
10° 155 12 415 62 7
10° 172 45 409 94 81
HPGCP g 2206 35 319 210 | 8
10° 100 11 229 212 | o

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy is a coemeniechnique in studying corrosion mechanisms and

adsorption phenomena [38]. Figure 3 shows Nyquistbpper electrodes in 3 % NaCl.In the presenddRGCP

the impedance spectra for the Nyquist plots cleaHgw a depressed semicircle in the high frequergjon

followedby a straight line portion at low frequengiues. The high frequency semicircle is attriduie the charge
transfer and double-layer capacitance [39,40].Tiamdter of thissemicircle grows with increasing aamtration of
the inhibitor.The large semicircle observed fromhhto low frequencies in the presence of inhibitmlicates that
the charge-transfer resistance became dominaheiadrrosion process due to the adsorption of HRGCP
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Figure 3. Nyquist plots for copper in 3 % NaCl without and with different concentrations of HPGCP.

The equivalent circuit model used to analyse impedaharacteristics is shown in figure 4. Thiswirmodel was
also reported in many studies for copper/chloriddution interface.The parameters obtained by fittithe
equivalent circuit and the calculated inhibitiofi@éncies are tabulated in table 2.Heig)iepresents the solution
resistance, charge transfer resistariRgand resistance associated with the layer of prisdfarmed R). In
addition, the ifs)and f;) are the depressed features in Nyquist plot, temacterize different physical phenomena
such as inhomogeneities of the surface resultingy fthe surface of impurities, the adsorption of thelecules
inhibitors forming a porous layer [41,42]. In théase, the impedance can be written according tdaflewving
equation [43]:

Zepe= Yo (W) (9)

where Y, is CPE constant, w is angular frequency (rajl § = - 1,imaginary number, and n is CPE exponent.
Depending on n, CPE can represent resistangg (ZR, n = 0), an ideal double-layer capacitancggZ Cy, n =

1), inductance (&= L, n = -1) or Warburg impedance (n = 0.5) [44heTfollowing equation is used to convert Y
into Ca.

w\n-1
Ca =Yo(Wr)" (10)
where w, is the frequency at which the imaginary part @f itmpedance has a maximum.
The fitted data from the equivalent circuit are sugmized in table 2.

The HPGCP may act by adsorption at the metal/ isplunterface, which can result from a decreasdoaal
dielectric constant and/or an increase in the tiésk of the electrical double layer [45]. The valoéR, increased
with further increase of HPGCP concentration. Tritelition efficiency § %) of the HPGCP on the copper surface
is described in Eq. (11) [46] :

Rp _Rg
n% = x 100 (11)
Ry

whereRpandR are the resistance polarization values in the atesand in the presence of inhibitor, respectively.
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Figure 4. The equivalent circuit used to simulatehte impedance data

Table 2.Parameters obtained by fitting the Nyquisplots with the equivalent circuit for the copper eéctrode

Rs Ry Qr N Ca Net Ret Rp n%
(Q.cm?) | (KQ.cm?) | (uF/cm?) (uF/cm?) (KQ.cm?) | (KQ.cm?)
Blank 20 - - - - 0.75 0.95 1.2 -
10°M 5 12.2 31 0.78 106 0.71 21.3 33.5 96
10*M 3 0.065 35.9 0.19 227 0.58 8 8.1 85
10°M 12 0.076 51 0.52 301 0.88 6.6 6.7 g2
10°M 18 0.067 16 1 674 0.5y 2.1 2.15 44

The inhibition efficiencies calculated froR), also increase with increasing concentration ofitiébitor, and the
maximum value is 96 % at TOM HPGCP concentration.Thus, due to the adsorptioRlPGCP on the copper
surface, the corrosion reactions have been inkilidea great extent. In conclusion, EIS resultscamgsistent with
the data obtained by polarisation and provide &rttonfirmation of the ability of HPGCP as a goadibitor for
copper corrosion in 3% NacCl solution.

Adsorption isotherm and thermodynamic consideration

The adsorption of heterocyclic inhibitors on mestatface can markedly change the corrosion resigtiogerties of
the metals. So, the investigation of relation befvéhe adsorption and corrosion inhibition is impot [47]. The
efficiency of inhibitor molecules as a successhirasion inhibitor mainly depends on their adsanptability at the
metal/solution interface which takes place throulgé replacement of water molecules by inhibitor enales
according to following process [48].

(Il’lh)sol + XHZOads - (Il’lh)ads + XHZOsol

wherdnh,, andinh,q) are inhibitor molecules in the solution and adsdrbe the metal surface, respectively. x is
the number of water molecules replaced by the itdriimolecules. The adsorption isotherms can giakiable
information on the interaction of inhibitor and mlesurface. So, it is essential to know the modadsorption and
the adsorption isotherm. Several adsorption isateewere assessed and the Langmuir adsorption isothas
found to be the best description of the adsorgbieimaviour of the studied inhibitor, which obeys tbibowing Eqs.
(12) and (13) [49]:

0
m :Kads Cinh (1 2 )

o

ads
K = — -
s~ 3555 P R

) (13)

C;,, is the inhibitor concentration] is the fraction of the surfacecoveradé,;is the adsorption equilibrium
constantand G, is the standard free energy of adsorption.

Figure 5 shows the dependence of the fraction efstirface coverag€,,,/ 0 as a function of the concentration
(Cinn) of HPGCP.

The degree of surface coverdder different concentrations of the inhibitor i8%3NaCl has been evaluated from
weight loss measurements.The obtained plot ofrthiitor is linear. The regression coefficient%s= 0.999. The
intercept permits the calculation of the adsorpgguilibrium constanK.gs which is equal 239762.2 Mand leads

to evaluate\G,,, =-40.646 kJmot. The value oAG,,, indicates the strong interaction between inhibitmiecules
and the copper surface [50,51].
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Figure 5.Langmiur adsorption plot of copper in 3% NaCl solution containing various concentrations of FGCP

Mode of adsorption of HPGCP on the copper surface

The surface charge of metal can be defined by #igpo of corrosion potential in respect to thepegive potential
of zero charge (PZC), which plays a very importarié in the electrostatic adsorption process. Thg dfers a
good method in order to determine the PZC of mdialsthis purpose, EIS study was applied at diffepotentials
and a plot of CPE vs. applied potential was obthiftég. 6) [52].

In the work, we showed that the potential of zemarge (PZC) is - 224 mV/Ag/AgCI which is more neégatthan

the corrosion potential is -174 mV/Ag/AgCI (Fig.@)his result suggests that the carbon steel suifapesitively
charged [53].
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Figure6.Relationship betweerCy values and the applied potential for carbon coppeelectrode in 3% NacCl solution at 298 K
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Scanning electron microscopy
The surface morphology of copper that exposed td\&#! solution with and without T&M of HPGCP for 2 days
were examined by scanning electron microscopy (Steghnique.

Figure 7. SEM micrographs of copper after 2 daysof immersion in 3 % NaCl: (a) without inhibitor and (b) with 10°M of
HPGCP

In Figure 7(a), large areas of the copper surfaeshviously covered with loose corrosion productthe absence
of HPGCP. This finding may be an indication thatrosion products easily leave the metal surface thed
develop stronger corrosion activity.

Figure 7(b) presents the SEM micrograph obtainetiérpresence of HPGCP, which shows a relativalysilirface.
The micrograph reveals that, inhibitor moleculesaatled on active sites of copper and a smoothéacguwas
observed when compared to the surface treatedunitthibited 3% NaCl solution.

CONCLUSION

On the basis of the obtained results,we can coadluat:

(1) HPGCP exhibited good inhibiting properties éopper corrosion in 3% NaCl solution. The inhilitiefficiency
increased with increasing the concentration of HPGC

(2) Potentiodynamic polarization results reveatet HPGCP in 3% NaCl solution acted as a mixed-igpibitor.
(3) EIS measurement results indicate that theteasis of thecopper electrode increases greatlytamm@dpacitance
decreases by increasing the inhibitor concentration

(4) Data obtained from EIS measurements are in ggogement with those of the polarization resistanethod.
(5) The adsorption of inhibitor molecules on th@per surface obeys a Langmuir adsorption isotherm.

(6) The adsorption of inhibitor molecules on th@per surface obeys Langmuir adsorption isotherne. Vidiue of
AG,,, indicates the strong interaction between inhibitmiecules and the copper surface.

(7) The copper surface carry positive charge irtélsesolution.

(8) The SEM indicate that copper corrosion can ridebited evidently due to the adsorption of HPGGPtloe
copper surface.
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