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ABSTRACT

Synergism between a cationic gemini surfactant, 1,2-ethane-bis(dimethyl
dodecyl ammonium bromide) (12-2-12), and halide ion (Br— or Cl-) for
corrosioninhibition of cold rolled steel in 1.0 mol L-* phosphoric acid was
investigated by using weight loss, potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) methods. Some
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thermodynamic parameters were calculated by fitting experimental data
with Langmuir model. Potentiodynamic polarization studiesreveal that the
inhibition speciesisamixed-typeinhibitor. EI Smeasurements suggest that
the presence of inhibitor molecules in acidic solution decreases double
layer capacitance and increases the charge transfer resistance, indicating

the formation of a protective layer on steel surface.
© 2010 Trade Sciencelnc. - INDIA

INTRODUCTION

Acid solutionsarewiddly used inindustry, andin
many cases corrosion inhibitors are used to prevent
metd corrosoninacidic solution™3. Commonly, enough
inhibitor needsto be used for corrosion inhibition of
metal, for many inhibitors that are used in low
concentrations bring about pitting corrosion, and using
too small an amount of aninhibitor may bemuchworse
than not using any inhibitor at all?%, For thisreason,
inhibitorsare used in higher concentrationsto avoid
pitting corrosion. Inrecent years, synergistic effect on
corrosion inhibition of metal have been widely
investigated indifferent corrosvemedia, andit hasbeen

clearly demonstrated that synergism between the
corrosion inhibitor and another chemical substanceis
an effective means to improve the performance of
inhibitorsand reducethe cost for corrosion protection
of metd >,

Itisknownthat hdideionsshow asynergistic effect
with many organicinhibitors, such ascyclohexylamine,
propargyl alcohol, polyacrylamide (PA), gum arabic
(GA) and polyethyleneglycol (PEG), methionine, and
indigo dye, oncorrosioninhibition of stedl, ironand its
dloysinacidic medid2?+34, Synergistic effect between
halideionsand quaternary ammonium type surfactants
oncorrosioninhibition of sted inacid solutionhasaso
beeninvestigated®*". Theresultsdemonstratethat the
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Scheme 1 : Molecular structure of the gemini surfactant 12-2-12

addition of halide anions to corrosive medium can
significantly improve performance of quaternary
ammonium salt-type surfactant for corrosioninhibition
of steel, which isattributed to the synergistic effect
between halide anions and positive quaternary
ammoniumionspresent intheinhibitor molecule. This
isbecausethegted surfaceispositively chargedinacidic
solutions at the corrosion potential but becomes
negatively charged when halide anions are present.
Although anumber of studieson synergisticinhibition
between halide ion and some compounds for steel
corrosion in H,SO, have been reported, only afew
investigationsfocus on synergism between haideion
and organicinhibitorsfor corrosoninhibition of sted in
H 3F)()“[E}S—M] .

Gemini surfactant isanew generation surfactant
developed inrecent years. Differing from conventiond
sngle-cha ned surfactants, gemini surfactantscons st of
two hydrophilic head groups, two hydrophobic chains,
and aspacer linked at or near the head groups. It has
been demonstrated by our group!“>#" and some other
researcherd“®>l that some cationic gemini surfactants,
such asadkanediyl-o,-bis-(dimethyl dkyl -ammonium
bromide) series, areexcellent candidatesfor iron and
steel in acidic media. However, high cost of gemini
surfactant retardstheir practica applicationsincorrosion
inhibition of metal. Very recently, we investigated
synergigtic effect between cationic gemini surfactants
and halideionsto corrosion protection of cold rolled
stedl in sulphuric acid solution by using weight losg*
and e ectrochemicad methods*!, and attemptedto clarify
mechanism of synergistic effect between gemini
surfactantsand hdideions. Theresultsreved that hdide
ionsareeffectiveadditivesfor cationicgemini surfactant
in corrosion inhibition system of steel in0.5mol L
H,S0,. Thisnovel compositeinhibitor sysemwasfound
to beefficient andlow-cost for sted corrosoninhibition
insulphuricacid, evenwhen concentration of thegemini
surfactant used wasaslow as 1x10°mol L.
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The purposeof thiswork isto study thesynergistic
inhibition between acationic gemini surfactant, 1,2-
ethane-bis(dimethyl dodecyl ammonium bromide)
(designated as 12-2-12, Scheme 1), and halideions
(Br-, or CI") for steel corrosion in phosphoric acid,
attempting to have abetter understanding and get some
generd ideasto guidethecomposing of nove inhibitor
system by halideionsand cationic gemini surfactants
for corrosion protection of stedl inacid solution.

EXPERIMENTAL

Potassium bromide, potassium chloride, sodium
bromide, sodium chloride, and phosphoric acid were
purchased from Shanghai Chemical Reagent Co. Ltd.
(Shangha, China). Doubledistilled water wasused for
preparing test solutionsfor dl measurements. Coldrolled
steel samplewith composition C<0.1%, Mn<0.50%,
P<0.035%, S<0.025% and the remainder Fe was
obtained from Cold Rolled Mill Plant of Baosteel
(Shanghai, China). Gemini surfactant 12-2-12 was
prepared and characterized by our laboratory as
described previoudy anditscritica miceleconcentration
(CMC) wasdetermined to be5.7x10*mol L by using
surfacetension method and““% and 8.92x10“*mol L
by conductance method“el,

Theweight lossexperiment wascarried out for 4 h
at adesired temperature as reported previousl yt >4,
All thetestswererepested threetimesin theexperiment,
with anaveragereative standard deviation lessthan 4
% in all cases. The corrosion rate of steel (r__ ) was
caculated by therdation,

Mo = (M-M,)/Stt (@)
wherem, and m, arethe mass of the specimen before
and after corrosion, respectively, S the area of the
specimen, and t thecorrosiontime.

Polarization and EIS measurementswerecarried
outinaconventiond three-dectrodecell onaCHIE04C
Electrochemical Work Station (CH Instruments, Inc.,
Shanghai, China) with aplatinum counter electrode
(CE), a saturated calomel electrode (SCE) as the
reference e ectrode, and aworking el ectrode made of
circlespecimen of sted with adiameter of 0.85cm. The
sted specimenwasembedded in epoxy resin (Bison®,
Holland), leavingitscross-section only. Theeectrode
was ground on aseries of emery papersdown to 5000
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Figurel: Variation of thecorrosion rateof cold rolled steel
with concentration of 12-2-12in 1.0 mol L * phosphoricacid
at 30C

grit (991A, MATADOR®, Germany), washed
thoroughly with distilled weater and acetoneby ultrasonic,
and dried intheair. Subsequently, the electrode was
immersed intest solutionfor 0.5 handthenalowedto
reach a comparatively stable open-circuit potential
(OCP). The potentiodynamic current potential curves
wererecorded by automaticaly changing theelectrode
potential from potentia of approximately +150mV to-
150mV vs. corrosion potentia (E_, ) at ascanning rate
of 5mV s*. Thefregquency rangefor EISused wasfrom
100KHz to 0.05Hz. The amplitude of the applied
sinusoidal signal was 10mV at initialization E
(initialization E was given refer to E_, come from
potentiodynamic polarization curve and OCP).
Res sances and capaci tancesweredetermined by fitting
the EISdatawith an equivaent circuit. All potentials
were measured with respect to the SCE and all
electrochemicd experimentswerecarried outin aerated
solutions at atemperature of (30+0.02)°C.

RESULTSAND DISCUSSION

Weight lossmethod
Effect of 12-2-12 on corrosion rateof sted at 30°C

Although the main task of the present work isto
investigate synergism between 12-2-12 and halide
anions, beforethesynergism study corrosioninhibition
of cold rolled steel by single 12-2-12 at various
concentrationsin 1.0 mol L* phosphoric acid were
studied to know the lowest concentration of 12-2-12
where asatisfied inhibition efficiency was obtained.

Corrosionratesof cold rolled steel inthe presence of
Research & Reotews On
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Figure 2 : Variation of the corrosion rate with KBr
concentration in the presence of 1x10° mol L112-2-12 at
different temperatures

12-2-12 in various concentrations in 1.0 mol L*
phosphoric acid were determined at 30C, and the plot
of corrosionrate of coldrolled steel vs. concentrations
of 12-2-12in 1.0 mol L* phosphoric acid at 30°Cis
showninfigurel. Theresultsshow that the corrosion
rate decreases sharply with anincreasein surfactant
concentration when thesurfactant concentrationislower
than 5.0x10*mol L. Further increase in surfactant
concentration does not significantly reduce corrosion
rate, suggesting saturated adsorption of surfactant
moleculeson sted surface. Thisresultissimilar toour
previousstudy on corrosioninhibition of carbon sted in
1 mol L* hydrochloric acid by the gemini surfactants
12-s-12 (s=2, 3, and 6)19. Although 12-2-12 exhibited
ahighefficiency for corrosioninhibition of cold rolled
ged in1mol L*hydrochloric acid, higher concentration
of thesurfactant 12-2-12 used (up to 5.0x10“*mol L %)
leadstoahigh cost for itspractica application. Toreduce
usage of the gemini surfactant 12-2-12, we attempted
to introduce NaCl or KBr into the inhibitor system
containing 12-2-12 at alower concentration. It should
be noted that only one temperature (30°C) was studied
for corrosoninhibitionof coldrolled sted in1.0mol L-
! phosphoric acid by using 12-2-12, because this
experiment was carried out just to decide asuitable
surfactant concentration, at whichtheinhibition efficiency
(IE) isnot very high, to demonstratewhether thereexists
significant synergistic effect when hdide sdtsisadded.

Effect of Cl-or Br—on corrosion rateof sted in
the presence of 12-2-12

To understand effects of Cl- or Br— on the
corrosioninhibition of steel in 1.0 mol L-* phosphoric

. -
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Figure 3: Plotsof InK versus UT for 12-2-12/K Br system
for corrosion inhibition of cold rolled steel in 1.0 mol L*
phosphoricacid
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acidinthe presence of thegemini surfactant 12-2-12,
dependence of corrosion rates on concentration of KBr
or NaCl inthe presence of surfactant 12-2-12 (1x10°
mol L7, at which the inhibition efficiency was
approximately 50% at 30°C) at 25-40°C have been
investigated. Theresultsareshowninfigure2 andfigure
1 (see Supplementary Material). It is clear that at a
certain experimentd temperature, corrosion ratesof the
Specimen decrease sharply withincreasing concentration
of KBror NaCl from0.01t0 0.1 mol L inthe presence
of 1x10°mol L112-2-12. Inhibition efficiency reaches
to 90% when concentration of KBr or NaCl

approaches to 0.1 M (12g/L for KBr and 6g/L for
NaCl). At a certain concentration of KBr or NaCl,
corrosion ratesof specimenincreasewithanincrease
incorrosion temperature. However, further increasein
salt concentration does not significantly decrease
corrosion rateand increasethe |E value (Figure2 and
FHgureS1, Supplementary Materid), which canbeeaslly
attributed to the saturated adsorption effect. Thisreved's
that theaddition of aninexpensivehdidesatingemini

surfactant inhibitor system can largely reduce cost of
thegemini surfactant for corrosioninhibition of stedl in
acidic medium. These results may be helpful for
designing nove inhibitor sysemwith highefficiency and
low costsfor corrosion inhibition of metd in corrosive
media

Adsor ption isotherm for the complex of 12-2-12
and halideions

Assumingthecorrosoninhibitioniscaused by the
adsorption of inhibitor molecules on stedl surface, the
degree of surface coverage (0) for different concen-
trationsof KBr or NaCl in 1.0 mol L phosphoricacid

= Pyl Paper
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Figure4: Potentiodynamic polarization curvesfor 12-2-12
and 12-2-12/K Br systemsin 1.0 mol L phosphoricacid at
30°C. (a) Blank, (b) No K Br, (c)-(g) 0.005, 0.01, 0.1,0.3, and
0.5mol L1KBr, respectively. Inhibitor systems(b)-(g) also
contain 1x10°mol L1 12-2-12

in the presence of 1x10° mol L*12-2-12 can be
eva uated fromwe ght | ossmeasurement usngthe Sekine
and Hirakawa’s method“”':

0= [l | (2)

IfO_rm

wherer andr arecorrosion ratesin the absence and
presenceof theinhibitor, respectively, andr_thesmallest
corrosonrate.

Assuming the adsorption of inhibitor moleculeon
steel surface is monolayer adsorption, and lateral
interactions between theinhibitor moleculesisignored,
Langmuir adsorption isotherm can be applied to
Investigate the adsorption mechanism by thefollowing
equation®253,

c. 1. 3
0K (€)

where K is the equilibrium constant of adsorption
processand ctheinhibitor concentration.

After caculaing thesurface coveragefor 12-2-12/
KBr or 12-2-12/NaCl system under different
conditions, plot of c/6 versus KBr or NaCl
concentration in the presence of 1x10°mol L*12-2-
12 at 25-40°C are obtained (Figure S2 and S3). The
linear regression between ¢/6 and ¢ was done, and
valuesof K and the corresponding parameterswere
estimated using Eq. (2) and (3), and the results are
summarizedin TABLE S1. It should benoted that only
thelinear regression between ¢/6 and cfor 12-2-12 at
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TABLE 1: Thermodynamic parametersof 12-2-12/X- (X =
Br-or ClI") systemson sted surfacein 1.0 mol Lt phosphoric

acid at different temperatures
AG;, (kImol™  AH . (kIma™) AS,, (ImoltK™
12-2- 12-2- 12-2- 12-2- 12-2- 12-2-
12/KBr  12/NaCl 12/KBr  12/NaCl 12/KBr  12/NaCl
25°C -24.12 -23.37 -42.31 -33.52 -61.02 -34.02
30°C -23.61 -23.10 -42.31 -33.52 -61.71 -34.37
35°C -23.38 -22.95 -42.31 -33.52 -61.43 -34.30
40°C -23.18 -22.86 -42.31 -33.52 -61.10 -34.04

30°C was done by comparison. Both the linear
correlation coefficientsand dopesarecloseto 1, which
meansthat theassumptioniscorrect, i.e. theadsorption
of 12-2-12 or 12-2-12/halide ion (Br—, or Cl-) on
stedl surface obeysthe Langmuir adsorption isotherm.
Thisresult is also in accordance with our previous
studies, inwhich adsorption of thegemini surfactants
onthemetd surfacewasfound to conformto Langmuir
adsorption model >4,

Thermodynamic parameter sfor thecomplex of 12-
2-12 and halideion

Thermodynamic model can beusedto explainthe
adsorption phenomenon of inhibitor molecule. Using
adsorption equilibrium constant (K) obtained by using
Eq. (3), adsorption Gibbs free energy (AG:,).
adsorption heat (AH:,.) and adsorption entropy (AS;,.)
can be calculated. The adsorption heat could be
ca culated according totheVan’t Hoff equation

—A:_Fds + =congtant @
Plotsof InK versus UT for 12-2-12/NaCl and 12-
2-12/KBr systemsareshowninfigure 3and figure $4,

respectively. It should benoted that (%) isthesiope

of thestraight linelnK versus /T accordingto Eq. (4),
so the value of adsorption heat doesnot changewith
theunit of adsorptiveequilibrium constant.
Theadsorption of organicinhibitor moleculesfrom
the aqueous solution can be regarded as a quasi-
substitution process between theinhibitor compoundin
the agueous phase [Inh(sol)] and water molecules at
the el ectrode surface 3!,
Inh(sol) +xH,0(ads) <> Inh(ads) + xH,0(sol) (5)
wherex isthesizeratio, that is, the number of water
moleculesreplaced by oneorganicinhibitor. Thus, the

standard adsorption Gibbs free energy could be
Research & Reotews On

InK =-

obtained according to

1 [-4C.,
C 1Rt ©)

solvent
wherec_, .. ismolar concentration of thesolvent, which
inthecase of water is55.5 mol L. Ristheuniversa
gasconstant, and T the absol utetemperature (K).

Standard adsorption entropy can be cal culated by
using thermodynamic basic equation,

AG;, =AH:, —TAS,, (7)
Thermodynamic parameters AG;, and As;, at
different temperatures, as well as AH:,, within the
temperatureregion studied inthiswork wereca cul ated
using Eq. (4-7), andtheresultsarelistedin TABLE 1.
The values of thermodynamic parametersfor the
adsorption of inhibitorscan providevauableinformation
about mechanism of adsorption of inhibitor molecules
on metal surface. For example, an endothermic
adsorption process(aH ;> 0) isattributed unequivocaly
to chemisorption®7, whilean exothermic adsorption
process(AH:,, < 0) may involveeither physisorption or
chemisorption or amixture of boththe processes. The
negativevaluesof AG:, ensurethe spontaneity of the
adsorption process and stability of the adsorbed layer
onthested surface. AG:,, of singlegemini 12-2-12 (-
42.62 kJ mol*) calculated from Eq. (3) and (5) was
found to be much more negative than values of 12-2-
12/halide ion systems, which is consistent with our
previousresult*d, Generally, valuesof AG:, around -
20kJmol ™ or higher arecongstent with the el ectrostatic
interaction between the charged molecules and the
charged metd (physisorption); thosearound -40kJmol
or lower involvecharge sharing or transfer from organic
mol eculesto the metal surface to form acoordinate
typeof bond (chemisorption)?>*7. Furthermore, AG:,,
of 12-2-12/KBr ismore negative than that of the 12-
2-12/NaCl under the same condition, suggesting that
adsorption of 12-2-12/Br- inhibitor system on the stedl
surfaceismore stabl e that of the 12-2-12/Cl- system.
In addition, the cal culated values of the aH:, for the
adsorption of inhibitor moleculesfor 12-2-12/KBr and
12-2-12/NaCl inhibition sysemsare-33.52 and -42.31
kJ mol, respectively. This result indicates that the
adsorption isan exothermic process. Themagnitude of
adsorption heat islarger than the common physical
adsorption heat, reaching the common chemical

K=
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TABLE 2 : Potentiodynamic polarization parameters for
gemini surfactant 12-2-12 and 12-2-12/X- (X-=Br-or CI")
systems for corrosion inhibition of steel in 1.0 mol L™
phosphoricacid at 30°C

= Pyl Paper

TABLE 3: Element values of equivalent circuit of EI Sfor
gemini surfactant 12-2-12 and 12-2-12/X- (X-=Br-or CI")
systemson thesteel surfacein 1.0 mol L phosphoricacid at
30°C

cd Ecorr -be B b, B Rp , L core » E cld ocp Ecorr C_Fl’En R N Rg , Ret , E
(VvsSCE) (mVdec’) (mVdec)) (Qcm’) (pAcm?) (%) (VVvsSCE) (VVsSSCE) (Y /p'S'cm?®)  (0-1) (Q.cm*)(Q.cm?) (%)
Blank -0.491 239.6 64.7 57.33 385.85 / Blank -0.491 -0.491 649.26 08635 758 648 [/

0 -0.493 205.5 924 133.56 207.21 46.30 0 -0.482 -0.493 518.93 08321 478 135.2 52.0¢
0.005mol L KBr -0.488 251.0 49.5 172.88 10385 73.08 0.005mol L™t KBr -0.502 -0.488 301.03 0.7676 6.21 252.4 74.34
0.01 mol L™t KBr -0.496 2315 719 263.37 90.45 76.56 0.01 mol L KBr -0.486 -0.496 265.47 0.8455 546 306.8 78.8¢

0.1mol L™t KBr -0.492 209.4 60.8 451.30 45.33 88.25 0.1mol L™t KBr -0.488 -0.492 248.77 0.8878 7.35 665.9 90.27
0.3mol L™t KBr -0.496 262.3 49.6 458.77 39.48 89.77 0.3mol L™t KBr -0.498 -0.496 196.76 0.8266 8.83 1091.0 94.0¢
0.5mol L"* KBr -0.492 2330 50.6 513.59 35.19 90.88 0.5mol L1 KBr -0.478 -0.492 172.49 0.8856 9.68 1644.0 96.0¢
0.005mol L™ NaCl -0.497 224.7 813 207.61 12486 67.64 0.005 mol L™* NaCl -0.504 -0.497 307.12 0.8299 4.62 250.2 74.11
0.01 mol L™ NaCl -0.486 306.6 56.5 213.74 96.92 74.88 0.01mol L't NaCl -0.488 -0.486 263.31 08494 583 2711 76.11
0.1mol L™* NaCl -0.497 269.3 47.8 281.67 6258 8371 0.1mol L™* NaCl -0.478 -0.497 228.71 08714 712 583.5 83.9¢
0.3mol L™* NaCl -0.495 255.5 613 462.75 46.39  87.98 0.3mol L™* NaCl -0.476 -0.495 203.56 0.8568 852 1069.093.94
0.5 mol L™* NaCl -0.493 2275 50.8 467.39 3858  90.00 0.5 mol L™* NaCl -0.487 -0.493 187.96 08758 7.69 1411.095.41

Al systemsalso contain 1X10° mol L*12-2-12 except theblank

adsorption heet. Thisprobably meansthat the chemica
adsorption al so takes place besides physisorption. In
addition, valuesof As;, arenegative, suggestingthat a
decrease in disordering takes places in going from
reactants to the metal-adsorbed species reaction
complex?:37,

Cong dering only electrogtatic attraction effects, the
adsorption of gemini surfactant molecules on metal
surfaceismore complicated than that of conventional
single-chained surfactants, because gemini surfactants
contain two hydrophilic groupsand two hydrophobic
groups®#1, 1t is unlikely that positive quaternary
ammonium ions present in theinhibitor moleculewill
directly adsorb on the steel surface, because of
electrostatic repulsion force among the quaternary
ammonium cationsgemini surfactantionsand theexcess
positivechargeat the sted/acid sol ution interface at the
corrosion potentia'®. Halideions have been proved
to beeffective additivesasthey increasetheinhibiting
tendency of positive quaternary ammoniumion by the
well known synergistic effect!?34, |t isassumed that
chlorideor bromideionsfirgt adsorb onthested/solution
interfacethrough e ectrostati c attraction forces between
theseanionsand theexcess of positive chargesat stedl
surfaceat the corrosion potential. Thiseffect leadstoa
change on the solution side of the interface which
becomes negatively charged. Thus, quaternary

@Al systemsalso contain 1X10° mol L112-2-12 except the blank

ammonium cationsof thegemini surfactant areableto
adsorb el ectrostatically on the steel surface previoudy
covered with adsorbed chloride or bromineions.

Electrochemical methods
Potentiodynamic polarization curvesmethod

Potenti odynamic polarization curvesof coldrolled
steel in uninhibited and inhibited phosphoric acid
solutionscontaining 12-2-12/KBr or 12-2-12/NaCl are
showninfigure4 and figure S5, respectively. Cathodic
Tafel dopes (b)) wereca culated by Tafel extrapolaion
of the cathodic branchesin the present work asshown
infigure5. However, accurate eva uation of theanodic
Tafel slope (b)) by Tafel extrapolation method is
impossible, whichisdueto absence of linearity inthe
whole of theanodic branch. Asaresult, anodic Tafel
slopes were calculated by using a modified Tafel
extrapolation method™>*%. The cathodic Tafel region
wasfirst extrapol ated to el ectrode potentia sbel ow the
corrosion potentia, and then theanodic current density
i iscalculated from(>+>,

i, (net experimental) =i_-|i | (8)

whereli |isthecathodic current density. Thus, theanodic
current dengity isthesum of theexperimentally observed
anodic current density and the extrapol ated cathodic
current density. Asaresult, corrosion current density
(i), and anodic Tafel slope (b), as well as the
polarizationresstanceR " for eachinhibitor sysemwere

B Research & Reotews On

A Tudéan Journal



56 Synergistic effect of chloride and bromide ions on corrosion inhibition of steel

RREC, 2(1) June 2010

Full Paper ==

.2)

Extrapolated” b
cathodic =~ —e---"""

log (Current /A cm
o
L F
1§ k
G ‘4]
o 9 7
g Q
= 4 v
)
%

035 -040 -045 -0.50 -055 -0.60 -0.65 -0.70
Potential / V ( vs SCE )

Figure5: lllugration of thedeter mination of corroson current
and Tafel slopes from Tafel plots using the modified Tafel
extrapolation method, and thecal culated polarization curves
for cold rolled steel without any inhibitor (CJ) and in the
presence of KBr/12-2-12inhibitor system (O). Solid lines(a)
and (b) repr esent experimental polarization curvesfor cold
rolled steel without any inhibitor and in the presenceof KBr/
12-2-12inhibitor system, respectively. c,, =0.1mol L™, and
Cpppqp = 1X10° mol L

estimated. Accordingly, thecorrosioninhibitionefficiency
wasevaluated fromthemeasuredi_, valuesaccording
to Eq. (9). Theresultsaresummarized in TABLE 2.
It isclear that both cathodic and anodic polarization
branches cal culated according to Eq. (10) and (11) fit
well to the experimental ly observed potentiodynamic
polarization curves, asshowninfigureb.

E% = (Lo ~ ooty 100 ©
where i, andi_, arecorrosioncurrent densitieswith
and without theaddition of theinhibitor.

loai. = loai E, —E.,

0gl, = Oglcorr+b—a (10)
| N | H corr Ei
ogl. = Ogloorr"'b— (]-1)

As can be seen from figure 4 and figure S5, the
addition of 12-2-12/KBr or 12-2-12/NaCl systemto
1.0mol L-* phosphoric acid leadsto adecreasein both
anodic and cathodic currents. Thisresult reveal sthat
both the 12-2-12/NaCl and 12-2-12/KBr inhibitor
systems reduce cathodic hydrogen evol ution reaction
and asoretard anodic metd dissolution. Furthermore,
cathodi c pol arization branchesgive paralle Tafd lines
withthenearly congtant cathodic Tafel dopes. Thisresult
indicatesthat the addition of theseinhibitorstotheacid
solution doesnot modify the proton reduction mechanism

and thisreaction isactivation controlled. Theinhibitor
Research & Reotews On
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Figure 6 : Equivalent circuit for synergistic corrosion
inhibition of steel in 1.0 mol L phosphoricacid and Nyquist

plotsof experiment and fitting for 12-2-12 and 12-2-12/K Br
systemswith concentration of inhibitor at 30°C. (a) Blank,
(b) NoKBr, (¢)-(g) 0.005,0.01,0.1,0.3,and 0.5mol L-*KBr,
respectively. I nhibitor systems(b)-(g) also contain 1x10°mal
Lof 12-2-12

isfirst adsorbed on sted surfaceand therefore, impedes
by merely blocking the active sites of stedl surface. In
this way, the surface area available for H* ions is
decreasad, whiletheactud reaction mechanismremains
unaffected®™. Intheanodic part of polarization curves,
a significant inhibition was observed at low
overpotentials, which may suggest formation of a
protective layer of adsorbed species at the metal
surface’®. However, inhibitor haslittle effect on the
corrosion reection at higher overpotentia than -320mV,
whichisusually defined asdesorption potentia. This
meansthat theinhibition mode of inhibitor dependson
theelectrode potentia . Theincreasing current density
at higher overpotentiad smay betheresult of significant
dissolution of meta, |eading to desorption of inhibitor
film fromthe metal surface™". In addition, b and b,
vauesremainmoreor lessidentical intheabsenceand
presenceof inhibitorsasshownin TABLE 2, indicating
that theeffect of inhibitorsisnot aslarge asto change
thecorrosion mechanism.

-800 -

Z' 1 Q cm?2

Electrochemical impedance spectroscopy (EIS)
method

Typical setsof complex planeplotsof mildsted in
1.0mol L™ H_PO, solutionintheabsence and presence
of 12-2-12 and12-2-12/haideionsinhibitor systems
areshowninfigure 6 and figure S6-S8, respectively.
All plots have adepressed semicircular shapeinthe
complex impedance planewith the centreunder theredl
axis. Thistypica behaviour for solid metal e ectrodes
showsfrequency dispersion of theimpedancedataand

. -
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can bedttributed to roughnessand other inhomogeneities
of the solid surface’®”®. In such cases, the paralléel
combination of doublelayer capacitance and charge
transfer resistance which arein serieswith solution
resistance ((C,R )R, particularly in the presence of
an efficient inhibitor, is found to be an inadequate
approach for modelling theinterface. The use of the
constant phase element (CPE) can bean effectiveway
to represent the frequency dependence of nonideal
capacitivebehaviour, for example, corrosionof irregular
and heterogeneous solid surfaces. Theimpedance of
the CPE could be given by7:
Z(CPE)=Y;'(joo)™" (13)
whereY isthe magnitude of the CPE, j theimaginary
unit, o theangular frequency and nthephaseshift which
givesdetail sabout thedegree of surfaceinhomogeneity.

To obtain accurate resultsthe analysis of complex
plane plotswas done by fitting theexperimental results
withtheequivaent drcuit givenininsart figure6, which
has been used previousy to model themild steel/acid
interface®%9, Thecircuit consists of solution resistance
(Rs) in serieswith the parallel combination of charge
transfer resistance (R,,), and aconstant phase element
used in place of double layer capacitance (C,) to
represent thenonided capacitivebehaviour of thedouble
layer moreclearly.

Theinhibition efficiency was evaluated from the
measured chargetransfer resstance R, valuesas,

R,-R

E% = —%——%x100
Rct

(14)

whereR  and R, arethechargetransfer resistance

va uesintheabsenceand presenceof inhibitors.
Ascan be seen fromfigure 6, the cal cul ated data
based onequivaent circuit fit well to the experimental
data, with an averagerelative standard deviation less
than 4 %in all cases. Theresultsobtained from these
complex planeplotsarea so summarizedin TABLE 3.
Itisapparent that thechargetransfer res stancevaue
of coldrolled steel in uninhibited 1.0 mol L™* H,PO,
solution changessignificantly after the addition of these
inhibitors. The percent inhibition efficiencies of 12-2-
12/NaCl mixturearedight lower than that of 12-2-12/
KBr mixture. Thisresultissomewhat expected because
of asaruleinhibiting effect of haideionsin combination

==  Pyl] Peper

with organic compoundsin acidic mediumincreasesin
theorder I >Br >Cl-.

It shoul d be emphasi zed that high concentrations of
NaBr dsoexhibit corrosoninhibition of cool rolled sted
in 1.0 mol L phosphoric acid®, and ionic strength
may influence corrosion inhibiton of steel in acidic
solution. However, by comparing theinhibition efficiency
of singleNaBr from thereferencedataand KBr/12-2-
12 system at 30°C inthe present work, onecan easily
find that IE of bromide salt inthe presence of 12-2-12
isremarkably higher thanthat of Snglesdtwiththesame
concentration or only 1x10°mol L112-2-12, especidly
when the salt concentration islower than 0.1 mol L*
(TABLE S3). Thisresult suggests ‘apparent synergy’ is
mainly originated from areal synergism between the
aurfactant and thehdide sdlt, rather thanthehdideanion
itself or changes in ionic strength, though salt
concentration andionic strengthmay partidly affect such
thesynergismat higher salt concentrations. Furthermore,
by comparing vaues of adsorption Gibbsfree energy
AG:,, forsingleNaBr and KBr/12-2-12 systems, one
can find that the KBr/12-2-12 system has a more
negative AG:,, vaue. Thisresult clearly suggeststhat
the combination adsorption of 12-2-12 and hdideanions
|eadsto more stabl e adsorption of inhibitor molecules
on sted surface, whichisduetoasynergeticinhibition
effect.

Effects of cations of halide salts on corrosion
inhibition of cold rolled sted

To haveabetter understanding of synergistic effects
between halide saltsand the gemini surfactant, and to
clarify whether cations of these halide salts affect
corrosioninhibition of cold rolled steel in 1.0 mol L*
H,PO, solutioninthe presence of 1x10°mol L*12-2-
12, control experiments were carried out by using
another bromideand chloridesdlts, i.e. NaBr and KCl.
Potenti odynamic polarizatin curvesand ElISresultsare
shown in figure S9-S12, and some el ectrochemical
parametersobtained are summarizedin TABLE 2. No
effect of cationsof thehdidesdtsstudied oninhibition
efficiency wasfound in the present work, suggesting
that synergism takes place just between cationic
asurfactant and hdideanions. Thiscanbeeasly explained
inview of synergistic mechanism between surfactant
cationsand halide anion asdiscussed above.
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CONCLUSIONS

Synergitic effect between thegemini surfactant and
halide (bromide and chloride) ions on corrosion
inhibition of cold rolled stedl in 1.0 mol L phosphoric
acid was studied using weight | oss, potentiodynamic
polarization and electrochemical impedance
spectroscopy methods. Theresults suggest that 12-2-
12/KBr or 12-2-12/NaCl inhibitor system actsas a
mixed-typeinhibitor for corrasoninhibition of coldrolled
stedl in phosphoric acid. It was found that 12-2-12/
KBr and 12-2-12/NaCl synergistic inhibitor systems
were efficient for steel corrosion in 1.0 mol L*
phosphoric acid. Theadsorption mechanismof inhibitors
was a so investigated and the resultsreveal that the
adsorption of inhibitor moleculeson stedl surface obeys
the Langmuir adsorption model. Negative val ues of
adsorption Gibbsfreeenergy AG:,, andadsorption heat
AH:, for 12-2-12, 12-2-12/KBr, and 12-2-12/NaCl
systemsin 1.0 mol L phosphoric acid suggest that the
adsorption of inhibitor molecules on steel surfaceisa
spontaneous and exothermic process.
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