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ABSTRACT

KEYWORDS

In thiswork aformulation of anew organic compound, namely 3-phenyl-
1.2.4-triazole-5-thione, was tested as a bronze corrosion inhibitor. This
formulation (FPTS) has provento be environmentally friendly, cheap and
easy to use. Theinhibitory effect of this formulation has been studied on
commercial bronze (B66) with chemical composition, metallurgical features
and micro-chemical structure similar to that of the ancient alloysinstalled
in museum of Rabat (capital of Morocco) near the atlantic ocean, in order
to be successfully employed and used for testing corrosion inhibitor
validating cleaning and conservation techniques. Electrochemical
impedance spectroscopy (EIS), potentiodynamic polarization, Scanning
Electron Microscopy coupled with chemical analysis (SEM and EDAX)
and X-ray photoelectron Spectroscopy were used to study the inhibition
action of FPTS in 3% NaCl. The obtained results show that the FPTS
formulation hasasignificant effect against corrosion of B66 bronzein 3%
NaCl solution, reaching an efficiency of 99% at 5.10°M. This result
encouraged usto test thisformulation on real archaeological objects. The
evaluation of the protective effect of FPTS on archaeological bronzes
shows that it provides good protection of the Bronze artefacts against
atmospheric corrosion for along duration of exposure.
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INTRODUCTION

Bronzesare subject to aggressive corrosion during
their use especially whenin contact with aggressive
mediasuch asair, seaor city withahighleve of pollu-
tion. Ingenerd, it appearsthat for gpplicationsin harsh

environments, the use of protection methodsisaways
tricky. Severa methods used currently to prevent cor-
rosion of Bronze. One of such methodsisthe use of
organicinhibitord®3, Effectiveinhibitorsare heterocy-
clic compoundsthat have it bonds, heteroatoms such
assul phur, oxygen and nitrogenl*®l. Heterocyclic com-


mailto:D_Chebabe@hotmail.com

148

Use of electrochemical measurements and surface analysis for the evaluation

RREC, 4(5) 2013

Full Paper ==

pounds such astriazol e-thione can provide excellent
inhibition effect.

Regardingtheadsorption of theinhibitor onthemetd
surface, twotypes of interactionsareresponsible. One
isphysica adsorptionwhichinvolvesdectrogaticforce
betweenionic chargesor dipoles of the adsorbed spe-
ciesand eectric chargeat metd/solutioninterface. The
other ischemical adsorption, whichinvolvescharge
sharing or chargetransfer frominhibitor moleculesto
themetd surfaceto from coordinated typesof bonds™.

Inthepresent work, theinhibition characteristics of
FPTSfor bronze B66 in 3%NaCl wasinvestigated us-
ing electrochemical techniquesand surfaceanalysis
methodsbothin presence and absence of theinhibitor.
From polarization curvesand el ectrochemica imped-
ance spectroscopy, theinhibition efficiency of FPTS
was found to be around 99 % at 5 mM of inhibitor
concentration. The obtained results show that FPTS
reduce both the anodic and cathodic reaction rates. The
surface analysis methods confirmed the good protec-
tiveeffect of the FPT Sformulation.

EXPERIMENTAL

I nhibitor

TheFPTSformulationisprepared inour Labora-
tory from 3-phenyl-1,2,4-triazole-5-thioneand trietha-
nolamine as described before.

Electrolytesolution

Thecorrosvemediais3%NaCl solutionsimilar by
itsionicforceto seawater, wasprepared by dissolving
NaCl (Fuka) in biditilled water.

Bronzesamples

Thesampleisacommercia biphasic Bronze B66
which composition wasdetermined by EDX analysis,
TABLE 109,

TABLE 1. Composition of bronze B66

Sn Pb Ni Zn Cu

5.12

21.29

0.59
1.69

0.39
0.38

0.79
0.29

93.11
76.35

Phase I (wt%)
Phase LI (w1%)

Electrochemical techniques

Polarization measur ements

Electrochemical measurementswereconductedin
Research & Reotews On

aconventiond threeelectrodescdll, aplatinumfoil and
saturated caomel e ectrode (SCE) were used ascounter
and reference el ectrodes, respectively. Theworking
el ectrodewasaBronze B66. The specimenswere cut
intheshapeof adisc, lateradly isolated by acataphor-
etic paint and an epoxy resin and screwed to arotation
axis. Was mechanicaly abrading with different grades
of emery paper, degreased with acetone, rinsed with
bidistilled water and dried between filter papers. All
experimentswere carried out at ambient temperature.
The e ectrode areain contact with the corrosive solu-
tionwas 0,78cm?. The potentiodynamic polarization
curveswererecorded using an CHI 604 potentiostat
and were recorded at a scan rate 1 mV St after the
steady stateisreached (1h) and the open circuit poten-
tid (OCP) wasnoted. Theinhibition efficiency wasca-
culated from equation (1):

1)

1°corr =1 corr

E% = x100

corr

wherei®  and i, arethecorrosion current densities

of uninhibited and inhibited solution, respectively.
I mpedance measur ements

Electrochemica impedance spectroscopy (EIS) was
carried out using Gamry Potentiostat/Galvanostat
(model FAS-1). A computer was used for collecting
data. EISmeasurementswerecarried out inafrequency
range of 100 kHz to 10 mHz with amplitude of 5mV
peak-to-peak using ac signalsat respective corrosion
potentid. All measureswere operated in Faraday cage
tominimizeambient e ectrica noises. Theworkingelec-
trodewasrotating disk at 1000 rpm (Tacusel-Radiom-
eter, ED1).

Analytical study
SEM and EDS analyses

Scanning € ectron microscopy (SEM) studieswere
performed with L eicaStereoscan 440 coupled withEDS
elemental semi-quantitative analyses (Princeton
Gamma-Tech).

X-ray photoelectron spectroscopy

The chemical composition of the surfacewas de-
termined by X-ray photoelectron

Spectroscopy (DRX) using anon-monochromated
Mg (Ka) photon source. The experiments were per-
formed using aPhilips apparatus equipped with cobalt
asanticathode.
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RESULTSAND DISCUSSION

M easur ementsof corrosion potential

Figure 1 showstheevolution of the corrosion po-
tentia (Ecorr) asafunction of immersiontime of B66
bronze in a 3% NaCl solution at open circuit in the
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Figurel: Variation of the corrosion potential with Timefor
Bronze B66 in 3% NaCl solution containing different
concentrationsof FPTS
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absence and presenceof the studied inhibitor.

It can be observed fromFigure 1 that the corro-
sion potential in the absence of inhibitor, tends to
decrease with time. The decrease in corrosion po-
tential has been attributed to the formation of the
corrosion product on the Bronze surface. Therefore,
there is a preferential dissolution of bronze in 3%
NaCl.

Variation of thecorrosion potentia for FPTSat dif-
ferent concentrationsshowsin thefew first minutes, a
rgpidincreasein corrosion potential vauewithincreas-
ing FPT S concentrations. Thistrend may resultsfrom
thefact that adsorption and surface coverageincrease
withtheincreasinginhibitor concentration. Thatischar-
acteristic of anodic and cathodic inhibitor effect!Y. It
was explained that this shift in Ecorr isdueto active
sitesblocking effect that occurswhen aninhibitor is
added™, Then, it changed towards more positive val -
ues and reached the steady-state val ue, thus the sur-
faceiseffectively separated from themedium.

Polarization curves
The cathodic and anodic pol arization curveswere
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plotted separately from apotential closeto Ecorr of
Bronzein 3 %NaCl solution in absence and presence
of various concentrations of FPTS. Figures2 and 3
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Figure2: polarization cathodic plotsof BronzeB66in 3%
NaCl containing differ ent concentrationsof FPT obtained
after onehour of immersiontimeat 1000rpmandrateof 1
mvV/s.
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Figure3: polarization anodic plotsof Bronzein 3% NaCl
containing different concentrationsof FPTSat 1000 rpm
and of ImV/s

present the obtained resullts.
Cathodicpolarization

Figure 2 showsthat the addition of theinhibitor re-
asultsinasignificant decreasein the corrosion current
dengty. Thislater spendsfrom 8.78uA.cm?intheab-
senceof inhibitor to 12 nA.cm?in the presence of 5,10
°M of FPTS. For higher potential -0.45V, , . the
variation of the current dengity inthe semi-logarithmic
scdeislinear for al concentrations, the Tafel dopewas
not the samein thewhol e concentration range exam-

ined. Beyond thispotential value, the current density
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increasesin the cathodic directionto thevalue-0.75
V agagor and then stabilizesthe plateau current density
isaround (ImA). Thelatter isattributed to thediffuson
limited reduction current of dissolved oxygen*? that
persstsinal concentrationsof theinhibitor.

Anodicpolarization

Figure 3 showsthat in the absenceof inhibitor, the
current density increasesrapidly inthevicinity of the
corrosion potential, and then stabilizes at the higher an-
odicovervoltage.

Inthe presence of inhibitor, it can be clearly seen
that the addition of FPTSto the corrosivesolutionre-
ducesanodicdissolution of Bronze. Thecorrosion po-
tentid vauesshiftsto morepositivevaues. For poten-
tial lowerthan0.5V gA, thevariation of the current
density showing apseudo current plateau whose den-
styislessthan 5 uA.cm. Thisbearing becomeslarger
when the FPT S concentration increases. Theseresults
indi cate the adsorption of inhibitor moleculeson the
Bronze surface. For more positive potential, the cur-
rent density reachesavalue of 10 mA. Thisisdueto
theinhibitor desorption from themetal surface. It aso

T T T T T T
I = icorr {exp [ba(E - Ecorr)] - explbe(E - Ecorr}]} (5]
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Figure 4 : Evaluation of corrosion current densitieswith
Sern- Geary equation: B66 electrodein 3% NaCl + 510°M
en FPT Sfor theanodic branches

may dueto pitting corrosion wich camesunder inhibi-
tor film. Aswe have shown above, in thevicinity of
corrosion potential, linear behavior isexpected. The
Ecorr and thecorrosion current density i corr wereeva u-
ated from non-linear regression cal cul ation near zero
overd| current. Theresult of regression calculation ac-
cordingto Stern-Geary equation” ispresentedin Fig-
ure4. The comparison of experimenta and caculated
dataindicatesthat the regression procedureisvery sat-
isfactory.

Ecorr andicorr calculated from cathodic and an-
odic polarization curvesarepresented in TABLE 2.

Ecorr shifted towardsmore positivevauewithin-
creasing inhibitor concentrations, whereasicorr de-
creased with addition of inhibitor, from 8.861without
inhibitor to 0.010 pA cm?at 5,10°M of FPTS. This
good inhibiting effect may beattributed toinhibitor film
formation a the e ectrode surface, which seemstodow
down the corrosion rate of Bronze B66 in 3% NaCl
solution. Theinhibition efficiency wasaround 99%. This
confirmsthe protectiveeffect of the FPTS.

Electr ochemical impedance spectroscopic studies

Thecorrosion behaviour of BronzeB66in 3% NaCl
solutionwith and without variousconcentrationsof FPTS
wasinvestigated by theimpedance method at room tem-
perature after 1h of immersiontime. Theeffect of im-
mersion period was also examined for FPTS at 5.10
M.

TheNyquist plotsof bronze B66 at different con-
centrationsof FPTSin corrosivesolutionareshownin
Figure5. Theinhibition efficiency wasca culated using
chargetransfer resi stancefrom equation 2:

t- R{énh)
-1

E%= R %100

t 2
Where Riim and R arethe chargetransfer resistance
inthe presence and absence of FPTS, respectively.

An examination of Figure 5 showsthat in the ab-

TABLE 2: Corrosion parameter sof BronzeB66in 3% NaCl with and without FPT Sdeter mined with Sern-Geary equation

Domaine cathodique

Domaine anodique

[FPTS (M) 2 1 2 -~ E%)
Ecorr NAQ/AQQ) lorr (mACm™) Bc (V™) Ecorr (VAg/AgCI) lcorr (MACM™) Ba (V™)
0 -0.215 8.861 -9.511 -0.218 9.859 24 442 -
510" -0.092 0.095 -13.531 -0.091 0.251 29.156 97.5
10° -0.029 0.011 -10.083 -0.045 0.015 28.967 99.8
510° 0.008 0.010 -12.662 0.006 0.014 26.312 99.8
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Figure5: Impedancediagramsof Bronze B66in 3% NaCl
at different concentrationsof FPTSobtained at freecorro-
sion potential at & '=1000tr min*

senceof inhibitor, theimpedancediagramintheNyquist
plotisanarcwithasmdl flattening at high frequencies.
Thepolarization res tancedetermined from theextrapo-
lation of theimpedance spectraisabout 1290 Qcm?.
Although thisdiagram does not appear to represent a
single capacitiveloop, introducing asecond time con-
stant isneeded to adequately model of theimpedance
diagrams. The corresponding éectrica equivaent cir-
cuit consists of two paralel R and C, whose compo-
nentsareattributed to: Re: electrolyteresistance, R:
chargetransfer resistance, C,: doublelayer capecity,
(R, C): Faradicimpedancewhich gppears as capaci-
tive one, whereasthelow frequency elementsarere-
|ated to the probabl e oxidation-reduction contribution
of thecorrosion products (R-C,) asindicated in pre-
vious papers®s.,

Inthepresenceof inhibitor, theimpedancediagrams
show acapacitive behavior different from that of the
witness. Thisdifference can beattributed to changesin
the mechanism of the processesinvolvedintheinter-
face Bronze/ electrolyte, dueto the effect of FPTS.
Thesediagrams show the appearance of three capaci-
tiveloops. At high frequencies, the capacitiveloop di-

1000

1200

==  Pyl] Peper

ameter is of the order 657 ocm?, 678 ocm? and 912
Qcm? respectively for 5x10“M, 10°M and 5x103M
FPTS concentrations.

Thepolarisation res stlanceincreasewithincreasing
concentrations of inhibitor. It shiftsfrom 1,2 Kacm?
without inhibitor to 264, 541 and 1360 KQcm?at 510
4,103 and 5102 M of FPTSrespectively. Thisindi-
catesthat theeffect of the FPT Sagainst Bronze corro-
sion can be attributed to its adsorption on the metal
surfaceand limitsthedissol ution of Bronze™d.

It wasfound that the results cannot be represented
suitably by only onetime constant circuit (2RC), but
two capacitiveloopsare necessary for computer ttting
of experimentd datawith anedectrica equivaent circuit
(3RC). Thedectrochemica parameters, C, R, C,, R,
C. and R_obtained from the EIS measurements are
ligedinTABLE3

Thedataexhibited that the capacitivevalueC, in
presenceof inhibitor islower than 1uFem2. Which con-
firmthat the FPT S act by establishment of aprotective
inhibitor film relatively thick and compact. At low fre-
guencies, thereisasignificantincreaseinthepolariza
tion res stance. Reached ava uearound 1360 kacm?in
the presence of 5x10M of FPTS, which showsthat
the FPTShasasgnificant effect on reducingthecharge
transfer at theinterfaceis substantially constant for all
concentrations. Theefficiency of inhibitor isabout 99%,
whichjustifiesthe protective natureof FPTS. The5.10
% of FPTSisselected asthe best concentration.

Theinhibition efficienciesarein agood agreement
with that cal cul ated from potentiodynamic measure-
ments.

Effect of immersion time

Figure 6 presentsthe evol ution of impedance spec-
train 3% NaCl containing 5.10*M of FPT Sfor differ-
ent immersion times. These diagramshavethe same
shape. It can beseenthat Rt increaseswithtime. This
increase appearsto belinear a low frequenciesafter 8

TABLE 3: Fitting parametersfor thethreecircuitsR - C parallel Figure. 5by thesmplex.

[FPTY (M) Ct(uFem?) R;(Qcm?) Cy(Fem? R, (kQcm?) Cr(wFem? R (kQcm?d IE%
0 8.23 0.331 67.5 1.29 - - -
5104 0.066 657 0.62 88 0.32 264 99.5
10° 0.077 677 0.61 290 0.46 541 99.7
510° 0.035 912 0.41 680 0.83 1360 99.9
— Research & Reotews On
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Figure6: Impedance data obtained from the Bronze B66
electrode exposed for different timestothe 3% NaCl with
5.10°M of FPTSat 1000 tr min-
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hoursof immersion, reflecting diffusion throughthein-
hibitor film.

SurfaceAnalysis

a- AnalyseEDS

Figures 7aand 7b show amicrographsand EDS
spectrasfor the Bronze B66 in 3% NaCl without and
with FPT Safter 24h immersiontime. The pictures of
uninhibited B66 show that the surfaceiscovered with
corrosion productsand appearing to befull of pitswhich
areattributed tothe presence of chlorideions. Thisef-
fect is more pronounced in poor areasin tin (black
spots). The presence of the 10°M of FPTS leads to
theformation of protectivelayer adsorbed on the sur-
face, whichisresponsiblefor the observed suppres-
sion of therate of corrosion.

Intheabsence of inhibitor, Figure7b exhibitsthe
characteristics peakswhich arerelated to Cu, Sn, Cl
and Oxygen € ements. Thisindicatesthat thecorrosion
product on Bronze surface being metal oxide. How-
ever, thedatain Figure 7bin the presence of 10*M of
inhibitor show additional peak characteristicof K and
Selements, and thelower peaks height of oxygenand
Cl that observed in the absence of inhibitor. Thesere-

Cu

Bronze B66+ NaCl3%

Cl
Cu
il e N
I 1 1 1 I ] T M 1 I 1 I ] 1 1 I I _’1\:‘ 1
0.0 2.0 4.0 6.0 8.0
Enérgie/ keV
Lya
Bronze B66 + NaCl3% + SmM de FPTS
Cu
S
G0 l S cl KaR"Sn Cu
¥ ¥ I _‘-r_l : L] — l. [ L] L ¥ l l__ | T /FT‘_
0.0 2.0 4.0 6.0 8.0
Enérgie/ keV

Figure7b: EDSanalysisof Bronze electrodesurfacein 3% NaCl for 20h immer sion timewith and without FPTS
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sultsproved that, the adsorption of inhibitor molecule
on Bronzesurfaceleadsto high diminution of charac-
teristicdementsof meta oxidesand chloriderdated to
the blocking of active sitesfor the adsorbed inhibitor
and isolatethe metal surfacefrom the corrosive envi-
ronment, causing much reduced inthecorrosion rates.
b- Analysisby X-ray diffraction

Figure 8 shows X-ray analysisof the B66 surface
after 24 hoursof immersonina3% NaCl solutionwith-
out andwith 1 mM of FPTS. In the absence of inhibi-
tor, five bands were appeared around (20=19.28,
22.32,27.24,31.77) corresponding to the crysta struc-
tures([1.1.1],[2.0.0],[2.1.Q], [2.2.0]) of Bronze B66
and oneband at (2 ® = 16.54) characterizesthe pres-
ence of copper oxide Cu,0™". In the presence of
FPTS, wenote disappearance of the band correspond-
ing to the copper oxide Cu,O. It is attributed to the
formation of aprotectivefilmondectrodesurface. This

——10">Mde FPTS
—— NaClI3%

2,11A Br[111]
4000 <

3000 -

— 1.83A Br[200]

1,5A

1,29A Br[220]
Br{210]

1000

Anale.26 deqré

Figure 8: X-ray spectra of Bronze B66 after 20 hours of
immer sion in 3% NaCl with and without FPTS
filmactsasabarrier against aggressiveionsand con-
firmstheresultsobtained by EDS.

CONCLUSION

Thestudy of theinhibition of Bronze corrosionin
3% NaCl using FPT Sformulation asinhibitor, showed
that thisformulation inhibitsboth anodic and cathodic
reactionsby adecreasein current density and ashift of
the corrosion potential to positivevalues. The FPTS
may be considered amixed corrosioninhibitor. Inthe
anodic domain, we note asignificant decreasein cur-
rent density valuesin alarge potential range. at hight
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concentration of inhibitor, Itisimportant to notethe
existenceapotential domain corresponding to an pas-
svedate. Theinhibition efficiency reached ava ue of
99% at aconcentration of 1 mM.

The el ectrochemical impedance spectraobtained
at thecorrosion potentia confirmethe protectiveeffect
of FPTS. Thiseffect hasbeen maintained duringalong
immersontimeinthecorrosvesolution. Itisattributed
to establishment of thick and compact protectivefilm
onthemeta surface, probably enhanced by the corro-
sion products. Thedielectric propertiesof suchafilm
can be deduced from the analysis of HF loops high-
lighted by these measures.

The EDX analysisand the X-ray spectraconfirm
the protectiveeffect of FPTSformulation by the pres-
enceof chemica eementsfrom themolecular structure
of theinhibitor.

The FPT Srepresents an adequate solution for the
protection of archaeol ogical bronzes.
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