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Abstract : Thesynergistic effect of zincionson the
corrosion inhibition of carbon steel in 1M HCI solu-
tions by aminotris-tris (methylene phosphonic) acid
(ATMP) hasbeen studied using e ectrochemica imped-
ance spectroscopy (EIS), Tafel polarisation method,
gravimetric measurement and inductively coupled
plasma(ICP). Theresultsreveaed significant synergis-
tic effect between ATMP and Zn*? which depend on
themolar ratio, temperatureand immersiontime. The
presence of Zn**/ATMPinducesadecreasein anodic

INTRODUCTION

Theuseof corrosioninhibitorsisoneof the most
practical methodsfor metal corrosion protectionin
different medium. Most well-known acid inhibitors

and cathodic currents. They act asamixed-type in-
hibitor. The addition of zincionsinacidic solution con-
taining ATM Pinducestheformation of stablecomplexes
and stabilizestheadsorption of ATMPonthe stedl sur-
face. Thesynergistic effect was observed between Zn?*
and ATM Pwith an optimum molar ratio of Zn*2/ATMP
=5/5. © Global Scientificlnc.

K eywor ds: Aminotris-(methylenephosphonic) acid;
Zincions, Carbon sted; Acidinhibition; ICP; EIS.

are organic compounds, that act by adsorption on
the steel surface, through heteroatoms, such asnitro-
gen, sulfur, phosphorus and oxygen atomsaswell as
through triple or conjugated double bonds or aro-
matic rings?4, Theinhibitorsefficiency dependson
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the medium, thetemperature and the type of the me-
tallic material used.

Synergisticinhibitionisan effectivemethodtoim-
provetheinhibition action of inhibitor inthe presence of
another substanceinthe corrosivemedium, to decrease
the amount of usage and to reducethe cost of thein-
hibitor in acidic medid?. Synergeticinhibition effect
onthecorrog oninhibition mechanism hasbeen reported
by several authord?7. In previous studies, somere-
searchersfound that theaddition of meta ionimproves
theinhibitor performance of organic compoundsasin-
hibitor for stedl in acidic solutiong“49,

Inour previous studies®*52, theinhibitor effect of
ATMPon the corrosion of iron steel in1 M HCl was
investigated. Theresults showed that theinhibition effi-
ciency increased with ATM P concentration reachinga
maximumat 10*M of ATMP. Thecorrasioninhibitionis
mainly controlled by aphysisorption process. Theob-
jectiveof thepresent work istoinvestigatethesynergis-
ticinfluenceof zincionsonthe performanceof theamino-
tris-methylene-phosphonate (ATMP) asacorrosionin-
hibitor compoundfor carbongted in IM HCl usng gravi-
metric measurement, | CPand dectrochemicd techniques
(potentiodynamic pol arization and EISmethods).

EXPERIMENTAL

Chemicalsand solutions

The inhibitor, namely aminotris-(methylene-
phosphonic) acid (N[CH,P(O)(OH),] ) (ATMP), ob-
tained from Sigma-Aldrich (50 wt.% in H,0), was
tested without further purification. Themolecular struc-
tureof ATMPisshowninFigurel. Zincionsareused
intheform of sulphate sdt (ZnSO, - 7H,0).

In thisstudy, we examined theinfluence of vari-
ousratiosof Zn*/ATMPonthe corrosion rate of car-
bon sted in 1M HCl solution (TABLE 1). Inall cases,
thetotal concentration of Zn?* and ATMP used was
5x103M.

i
i _CHz—P(OH),
HO—P—CH—N__

Figurel: Aminotris-(methylenephosphonic) acid (ATM P).

Testswere performed on carbon steel couponswith
a chemica composition (in wt.%) of 0.370% C,
0.230% Si, 0.680% Mn, 0.016% S, 0.077% Cir,
0.011%Ti, 0.059% Ni, 0.009% Co, 0.160% Cu and
theremainder iron (Fe). For all the experiments, the

TABLE 1: VariousratiosZn? /ATM P used

Ratios Zn®/ATMP Concentration Concentration

- in ATMP (M)  inZn*" (M)
%QSS/SAZ?M P=10/0) 0 5x10°
ot by 15x10% 35x10°
ot arapy T 35x10° 15x10°
100% ATMP & 107 5

(Zn*'/ATMP = 0/10)

surface pre-treatment was carried out using emery pa-
per SiC (grades 120, 600 and 1200); they wererinsed
with distilled water, degreased with acetone under ul-
trasound and then dried at room temperature before
use. The acid solutions (1M HCI) were prepared by
dilution of an analytical reagent grade 37% HCI with
bi-distilled water.

Gravimetrictest

Gravimetric experimentswerecarried out at 30°C
in adouble glass cell equipped with athermostated
cooling system. Thesolution volumewas100mL. The
carbon steel specimensused havearectangular form
(length=2cm, width=1cm, thickness=0.2cm). All we ght
|osstestsweredonein an atmospheric environment for
24h. After 24 hours, the specimenswereremoved, care-
fully washed in acetone under ultrasound, dried and then
reweighted. Theexperimentsweredoneinduplicatein
each case and the average value of weight loss was
reported. The corrosionrate (in mg cm.h) wascal-
culated using thefollowing equation™.

_ AP

=St D)
Where AP isthe average weight loss, Sthetotal sur-
faceareaandtisimmersiontime.

Theinhibition efficiency (n) wascal culated asfol-
lows™

———"x100 ®)



ChemXpress 4(3), 2014

255

ORIGINAL ARTICLE

whereVandV,  arethecorrosion rate valuesinthe
absence and inthe presence of inhibitor.

Spectroscopy induction coupled plasma

Thesamplewasionised by injectingitinplasmaof
argon. Anayseswere performed onaJobinYron UL-
TIMA 2withradica am. Thecdibrationismadeinthe
same solution of HCI to diminatethe effect of matrix.

El Smeasurements

Electrochemica measurementswereperformedin
aconventiond threedectrodecdl withaplatinum elec-
trode as a counter el ectrode and a saturated calomel
electrode (SCE) asthereference e ectrode. All poten-
tialsarereported versus SCE.

EIS measurements were performed using a
Solartron 1255 FRA system and aSolartron ECI 1287.
Impedance spectrawere obtained inthefrequency range
of 100 KHzto 0.01 Hz with ten points per decade. An
ACsinusoid+10mV was applied at the corrosion po-
tentia (E_, ). TheElStestswereperformedinapoly-
methyl methacrylate (PMMA) cell with acapacity of
1000 mL at 30+1 °C, using athermostat. Theworking
electrode was prepared from asguare sheet of carbon
steel such that the area exposed to solution was
7.55c. Theinhibition efficiency () wasdefined as,

Rctcorf1 - Rr:tcorr(mhf1

11(% ) = RClCOI'f =

whereR, and R, were charge transfer resistance

without and with addition of inhibitor, respectively.
Potentiodynamicpolarization

x100 ©)

Polarization measurementswere carried out using
Tacussel-Radiometer model PGZ 301 measurement
system. A carbon steel cylinder pressedinto aTeflon
holder acted asaworking electrode (WE). Itsworking
areaof 1 cm?remained precisely fixed. AfineLuggin
capillary wasplaced closeto theworking electrodeto
minimize ohmic resistance. All test solutionswerede-
aerated in the cell by using pure nitrogen for 30 min
prior to the experiment. During each experiment, the
test solution wasmixed with amagnetic stirrer andthe
gas bubbling was maintained. Before each Tafel ex-
periment, the carbon steel electrode was alowed to
corrodefreely up to 30 min. After thistime asteady-
state OCP, corresponding to the corrosion potential
(E,,,) of theworking el ectrode, was obtained. Thean-

odic and cathodic pol arization curveswere recorded
at aconstant sweep rate of 0.5mVs?.

RESULTSAND DISCUSSION

Weight loss measurements

Theaddition effect of [Zn*?]/[[ATMP] at different
ratio on carbon stedl corrosionin 1M HC| was studied
by weight loss at 30°C after 24h of immersion. The
inhibition efficiency n %oandthecorrogonratearegiven
iINnTABLE 2. Clearly, efficiency dependson theratios
[Zn*?] [ [ATMP]. When only Zn?* was added to the
solution, thevalue of ) % wasrelatively low. When
ATMPwasadded, the efficiency increased. The effi-
ciency wasincreased from 17.98% to 86.84% when
2.510°M ATMP and 2.510°M Zn** were used to-
gether, indicating that asynergistic effect exist. There
aretwo domains and the beneficial effect of Zn* de-
pends on its concentrati on on sol ution. For concentra:
tionof Zn?* lessthan 2.5x10°M, theefficiency increases
with the concentration of Zn?* witch stabilize the ad-
sorption of ATMPonthested surfaceandformastable
ATMP-Zn2+ complexed*d. When the concentration
of Zn?* is superior to the ATMP concentration, 7%
decreases because excessive amount of Zn? may re-
sult on theoccupancy of thelimited activessitesavail-
ablefor the adsorption of ATMPmoleculeswhich are
necessary to cover the e ectrode surfaceto ensure steel
protection against theacid corrosion.

Spectroscopy induction coupled plasma

To determinate the synergy effect between the
ATMPandtheionsZn?, the solutions of immersion
were analysed by ICP (TABLE 3). These results
showed that in the absence of theinhibitors, thedis-

TABLE 2: Corrosion parameter sobtained from weight loss
measur ementsof carbon steel in 1M HCI containing various
ratiosof concentrationsof ATM P/Zn at 30°C.

Corrosion rate

Inhibitor (mg cm h'Y) n %
Blank 4.56
100% Zn** 3.74 17.98
70% Zn** 30% ATMP 2.7 40.79
50% Zn?** 50% ATMP 0.6 86.84
30% Zn** 70% ATMP 0.94 79.38
100% ATMP 1.15 74.78
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solved iron quantity in solutionisvery high compara-
tively to the quantitiesmeasured in thepresence of the
inhibitors (100%ATMPand 5/5ratio[Zn*?]/[[ATMP)).
The presenceof Zn?* and ATMP, in the solution, con-
siderably decreased the dissolved iron quantity in the
solution. Consequently, theinhibitiveefficiency deducted
isingood agreement and confirm theresults obtained
by thegravimetrictest.

Thequantity of Zn?* presentinthesolution remained
practically unchanged, whereasthe concentration of the
phosphor considerably decreased. This can be ex-
plained by the adsorption of ATMPonthe metdlic sur-
faceand confirm that Zn?" stabilize the adsorption of
ATMPonthested surface.

Electrochemical impedance spectr oscopy studies

The corrosion behaviour of carbon steel in 1M
HCI solutionin presence of Zn?*/ATMPwasasoin-
vestigated by el ectrochemical impedance spectros-
copy (EIS) at 30°C after 24h of immersion. Nyquist
plotsof carbon stedl inuninhibited andinhibited acidic
solutions containing different ratios of [Zn*?]/[ATMP]
aregiveninFigure 2. These diagrams have similar
shapefor all tested concentrations, indicating that ad-
dition of inhibitor induce no changein the corrosion
mechanism.

Theimpedance gpectrashow alarge capacitiveloop
related to asingle chargetransfer of the corrosion pro-
cess. Thesecgpacitiveloopsare not perfect semicircles
and are depressed into thereal axisasaresult of the
micro roughnessand energetic heterogeneity of themetd
surface during the corrosion process**%%, Theimped-
ance parametersdeduced from theanaysisof Nyquist
diagram and vauesof efficiency aregiveninTABLE 4.
Doublelayer capecitancevaues(C,) and chargetrans-
fer resistancevales(R ) were obtained from imped-
ance measurements asprevioudly described™. To ob-
tain the double-layer capacitance (C,), thefrequency

at which theimaginary component of theimpedanceis
maximum (_Z, __)isfoundand C, valuesare calcu-
lated fromthefoll owing equation:

-1
~2nC.R (4)

Theefficiency iscalculated by chargetransfer re-
sistance asprevioudly described®. Asshownin Fig-
ure2and TABLE 4, R, increased to 250.8 Qcnv and
C, decreased to 190.11 uF cm?in presence of Zn*/
ATMPat molar ratio 5/5. A largechargetransfer resis-
tanceisassociated with ad ower corroding syssem. The
decreasein C,, whichresult from adecreasein local
dielectric constant and/or an increasein thethickness
of the electrical doublelayer, suggeststhat the Zn?*/
ATMPfunction by adsorption at themetal solution/in-
terface. Theincreaseof inhibition efficiency recorded
inthe presence of Znionscan berelated totherela
tively high stability of Zn complexescompared with fer-
rouscomplexes®, Theinhibition efficienciescalcu-
lated from EIS arein good agreement with those ob-
tained by weight lossmeasurementsand ICP.

f(=Z,0a)

Effect of immersion timeand temperature

Themolar ratio, which actsasbest inhibition effect
inthestudied concentration range, was sd ected for fur-
ther investigations. Figure 3 shows the Nyquist diagrams
for carbon sted in 1M HCI containing the optimal mo-
lar ratio 2.5x10°M of Zn** and 2.5x10°M of ATMP
([Zn*3/[ATMP]=5/5) &fter differentsimmersiontime.
After 44 h (Figure 3), the diameter of the semicircle
recorded inthe presenceof theinhibitorsincreased S g-
nificantly ascompared to shorter exposuretimes, which
indicated the continuous growth of the surfacefilmand
the gpproach inthe perfect coverage of thesurfacefilm
on the metal. The growth of thislayer enhanced the
corrosion resistanceof themetal .

EIS parameters obtained for differentimmersion
timearegiveninTABLE 5. R valueininhibited solu-

TABLE 3: ICPanalysisresultsfor thedifferent solutions.

P zZn**
Fe Theorlet|cal An?:lyse Theorlet|cal An?:lyse n% =
(mg/L) value ICP value ICP (M; - MM,
(mg/L) (mg/L) (mg/L) (mg/L) ' '
HCl 1M M;=1483 = -
HCI + 5x10°M ATMP M= 40.01 465 389.65 73.02
2.5x10°MZn*" + 2.5x10°M ATMP M= 20.76 2325 102.14 163.55 154.12 86
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Figure2: Nyquist diagramsof thesteel in HCI 1M containing different ratiosof Zn*/ATMP.
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Figure3: Nyquist diagramsof thecarbon steel in HCI 1M + 5x 10-*M of (50% Zn? + 50 % ATM P) at 30°C according to
differentimmersion time.
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TABLE 4: El Sparametersand inhibitiveefficiency for thecarbon sted in HCI 1M inthe presenceof variousratiosof [Zn?]

ChemXpress 4(3), 2014

/[ATMP]
Inhibitor 10* A §'Qlem™ N RqQ cm? Ca pF cm™ 74S n%

1M HCI 8.387 0.883 37.42 530.17 0.0198

100% Zn?* 7.839 0.878 45.62 493.46 0.0225 17.97
70% Zn*" 30%ATMP 7.205 0.892 64.32 496.72 0.0319 41.82
50% Zn?* 50% ATMP 3.001 0.85 250.8 190.11 0.0477 85.08
30% Zn** 70% ATMP 3.526 0.849 189.4 217.89 0.0412 80.24
100% ATMP 3.995 0.902 140.26 292.1 0.0410 73.32

TABLE5: Electrochemical parametersobtained by S.I.E fromthested in HCI IM +5x 10°M of (50%Zn? +50% ATMP)
in 30°C according to the immersion time.

Immersion timein hrs 10° A 'Qcm™ N R« Q cm? Ca pF cm %S

8 8.99 0.666 188 368.60 0.0693
24 3.001 0.85 250.8 190.11 0.0477
48 5.98 0.445 641 180.85 0.1159
72 8.83 0.557 514 471.09 0.2421
96 8.93 0.667 394 530.11 0.2089
102 8.73 0.783 237 564.14 0.1337
120 8.83 0.85 187 642.58 0.1202

-100 +

o -

100 150 200
Z. (€2 crm?)

Figure4: Nyquist diagramsof thecarbon steel C 38in asolution 1M HCI +5x10°M (50% Zn* +50% ATMP) at various
temper aturesafter 2hrsimmersion time.
TABLE 6: El Sparametersofthesteelin 1M HCI+5x10°M  tion increased up to 48 h, and then tends to a
of (50% Zn* +50% ATMP) at varioustemperaturesafter 2 jecrease. After 48 h, a decrease in the R, value was

hrsof immersion time.

observed, which may bedueto theformatl on of some
defectson thefilm leading to the access of aggressive

ionstothemetd/inhibitor interface.

T (°C) of 510°M (50% Zn*" +50% ATMP)
immersion R4 Q cm? Cq pF cm?
30 177 178.78
40 161 210.90
50 134 211.71
60 95 214.81

Figure 4 showsthe Nyquist diagramsfor carbon
stedl in 1M HCI containing 2.5x10°M of Zn** and
2.5x10°M of ATMPat different temperatureafter 2 hrs
of immersion. For al temperature, spectraexhibit one




ChemXpress 4(3), 2014

259

snglesemicircleanditsdiameter decreaseswiththein-
crease of temperature. Thesameresultisobserved with
ATMP*. Thevauesof R, decreasewith theincrease
oftemperature range of 30°C to 60°C (TABLE 6).

In order to calcul ate the activation energy of the
corrosion processand investigate the mechanismof in-
hibition, ACimpedancestudy wasperformedinthetem-
peraturerange of 30-60°C in the presence of mixed
inhibitor Zn**/ATMP. The dependenceof thecorrosion
rate on temperature can be expressed by theArrhenius
equation:

i =Aexp(“E/RT) )

ORIGINAL ARTICLE

whereicorr iscorrosion current, A isaconstant, Eathe
activation energy of themetd dissolutionreaction, Ris
the gas constant andT isthetemperature. The E, and
DHPra values were calculated from the Arrhenius plots
and found to be 19.69 kJ mol*and 17.05 KJ.mol*
respectively. Thedecreasein activation energy after the
addition of theinhibitor tothe1 M HCI (TABLE 7)
solution indicatesthat chemica adsorption occursinthe
Grst stagel®-57%8, Theva ue of theenergy of activation
(Ed) isbigger thanthesimilar valueof AH_° indicating
that the process of corrosion involvesagaseousreac-
tion, that of theformation of H.. Indeed, theaverage

TABLE 7: Calculated valuesof E_for cabon steel in IMHCl in presenceand in absence of inhibitors

M edium IM HCI® IM HCI +510° M ATM PP 1M HCI +510° M (Zn*"/ ATMP = 5/5)
E. (KJmoal™) 22.92 48.9 19.69
-1
-2
-3
=
] _4 —
=
oo -5
=]
—
-6 -
7 -
—8 I T T T I T

-800 -700 -600

-500

-400 -300 -200 -100

E vs SCE /mV
Figure5: Polarization curvesfor carbon steel in 1M HCI containing different ratiosof concentrationsof ATMP/Zn (a:
Blank HCI M) ; (b : [Zn] /[ATMP] =10/0); (¢ : [Zn] /[ATMP] = 3/7); (d: [Zn] /[ATMP] =5/5); (e: [Zn] /[ATMP] =7/3);

(f:[Zn] /[ATM P] = 0/10).

TABLE 8: Polarization parameter sand thecor responding inhibition efficiency for thecorrosion of carbon steel in 1M HCI

containing different molar ratio of ATM P/Zn at 30°C.

Inhibitor conc. (M) Ecorr VS SCE (MV) I corr (RA cM) ba(mV dec’)  b.(mV dec) E (%)
Blank - 4815 569.8 92 188 -
[Zn*] [[ATMP] = 0/10 - 4732 175.4 84 146 69.22
[Zn*] [[ATMP] = 3/7 - 470.7 155.2 79.7 183.6 72.83
[Zn*] [[ATMP] = 5/5 - 463.9 117.5 76 173.9 79.37
[Zn*] [[ATMP] = 7/3 -473.9 268.5 87.8 100.5 52.88
[Zn*] [[ATMP] = 10/0 - 463.1 320 79.4 78 43.84
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vaueof thedifference (E,— AH° ) isapporimatly 2.64
KJmol very closeto the average value of the product
RT (2.68 KJmol?), where T intherange 30°C — 60°C,
thisisexplained by thefact that the process of corro-
sionisaunimolecular reaction, characterised by the
following equation™:

E,-AH° =RT

Polarization studies

The potentiodynamic pol ari zation curvesof thecar-
bon steel inM HCI solution with variousmolar ratio of
Zn**/ATMP are presented in Figure 5. The related
electrochemical parameters, i.e., corrosion potential
(Ecorr), corrosion current density (icorr) and inhibition
efticiency (IE%) values were calculated from these
curvesand listedin TABLE 8.

Itisclear from Figure5that, both anodic metd dis-
solution of iron and cathodic hydrogen evol ution reac-
tionwereinhibited after theaddition of inhibitorstothe
aggressivesolution. Theinhibition of thesereactionsis
more pronounced with theincreasinginhibitor concen-
tration whilethe corrosion potential valuesare nearly
remained the same. These results suggest that Zn?/
ATMPcanbeclassitied as mixed type corrosion inhibi-
tor. Thecathodic current—potential curves (Figure 5) give
riseto parallel linesindicating that theaddition of mixed
inhibitor Zn*/ATMPtothe 1 M HCI solution doesnot
modify the hydrogen evolution mechanism andthere-
duction of H* ionsa themetd surfacetakesplacemainly
through achargetranster mechanism. Theinhibitor mol-
ecules aretirst adsorbed onto the surface and, there-
fore, impedes by merely blocking thereaction sites of
themetd surface. Inthisway, thesurfaceareaavailable
for H*ionsisdecreased whiletheactua reaction mecha
nism remains unaffected®. A higher coverage of the
inhibitor onthe surface was obtained in solutionswith
theequa molar concentrationsof Zn?* andATMP.

Thezincionsmay compete with theATMPmol-
ecules for adsorption on the metal surface, but the
adsorbed Zincions stabilize the adsorption of ATMP
viainteraction between Zn?* and ATMPwhichforma
stable complexd™.

ZnS0,.7H,0 +HN(CH,PO_H,) (CH,PO_H) > {Zn[HN(CH,
PO,H).(H,0),]}, +H,S0, +4H,0

Sothat theinhibition ability of ATMPareimproved

by the combined useof ATMPand Zn*".

CONCLUSION

Inthiswork, theeffect of the Zn?* cations addition
onthecorrosioninhibition of carbonsted in1 M HCl,
in the presence of the ATMP, wasinvestigated. The
addition of Zr?* directly influenced theinhibitive behav-
ior of theATM P and was dependant on theits concen-
tration, temperatureand immersiontime.

Addition of Zn?* improvestheefficiency of ATMP
ggnificatly andthehigh synergistic effectisclearly shown
with an optimumm molar ratio of [Zn*?][[ATMP|=5/5.
ThelCPanaysisof theimmersion solutions showed
that the presence of Zn?* enhanced the adsorption of
theATMPonthe surface of the steel. Theeffect of im-
merson timeand sol ution temperatureontheevolution
of R, wasaso estimated. It wasfound that theincrease
of temperatureinduce adecreasein the value of the
transfer resistance and the optimal immersiontimeis
about 48 hrs.

Theadsorption of ATMPis stabilised inthe pres-
enceof zincionsinthe 1M HCI solutionsand form a
stable complexe.
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