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ABSTRACT

Theinhibitive effect of 2-cyano-3-hydroxy-4(Ar) -5- anilino thiophene de-
rivatives on the corrosion of 304 SSin 3 M HCI solution has been investi-
gated by weight loss, galvanostatic polarization and potentiodynamic an-
odic polarization techniques. The results indicate that these compounds
act asinhibitorsretarding the anodic and cathodic corrosion reactions. The
presence of inhibitors does not change the mechanism of either hydrogen
evolution reaction or SS dissolution. Activation energy and some thermo-
dynamic parameters were cal culated and discussed. These compounds are
mixed type inhibitors in the acid solution, and their adsorption on SS sur-
face is found to obey the Temkin adsorption isotherm. The experimental
results suggested that the % inhibition of these thiophene derivatives in-
creases with the increase in inhibitor concentration and decreases with the
increase in temperature of the medium. The synergistic parameter (S) was
calculated and it was found that its value is greater than unity, which indi-
cates that the enhanced inhibition efficiency caused by the addition of I-,
SCN- and Br-is only due to synergistic effect. Relationship between mo-
lecular structure and their inhibition efficiency was elucidated by quantum
chemical calculationsusing the semi-empirical self cons stent methods (SCF).
© 2011 Trade Sciencelnc. - INDIA
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INTRODUCTION

Thecorroson of stainlesssted sin acidic solutions
has been studied by severa authors*. Iron-chromium
aloysarespecial of interest for many applicationsbe-
cause of their excellent resistanceto corrosion. The
corrosion resistance of stainless steelsdependson a
very thin oxidefilm. A passivefilm occursragpidly inthe
presence of oxygen. Although theformation of afilm of

chromium oxideiseffectivefor protectinganlesssted,
the corrosion advancesrapidly whenlocdized damage
onthispassivefilm occurd®. Thedissolution of thisfilm
in specific aggressive environmentsisthe most com-
mon causesof fallureof stainlessstedls.

Many N-heterocycic compoundswith polar groups
and/ or -electrons are efficient inhibitors for corro-
soninacidicmedia Theprotection action of aninhibi-
tor inmetal corrosion isdueto theadsorption of this
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TABLE 1 Thenames, molecular formula, structureand molecular weightsof theinvestigated thiophenederivativesare

Comp. Structures Names M olecular moI(_ecuIar
formula weights
HO
CN
HCO-@—N_N = 2 3-hydroxy-4-(p-anisylazo)-5
3 = -cyano-3-hydroxy-4-(p-anisyl azo)-5-
N\ s anilino thiophene CiaH1N40,S 350.1
HO
CN
HC—@—N_N = 2 3-hydroxy-4-(p-tolylazo)-5
3 = -cyano-3-hydroxy-4-(p-tolylazo)-5-
I \_s anilino thiophene CusH1N,OS 3341
HO
CN
H—@—N:N 2-cyano-3-hydroxy-4-phenylazo-5-
I N\ _s anilino thiophene Cyi7H1N,0S 320.1
HO
CN
CI—@—N N— 2 3-hydroxy-4-(
= -cyano-3-hydroxy-4-(p-
v N\ s chlorophenylazo)-5-anilino thiophene Ca7H1uN,OSCI 354.6
2-cyano-3-hydroxy-4-(p- CHN:OsS 365.1

HO
CN

O,N N=N—

% 2 VTN s

nitrophenylazo)-5-anilino thiophene

inhibitor physicaly or chemicaly onthemetd surface®.
Most of thewell knows inhibitors are organic com-
pounds contai ning nitrogen, sul phur and oxygen at-
omg’8. Compoundswith functional groupscontaining
hetero atomswhich can donatelonepair of electrons
arefound to be practicaly useful asinhibitorsfor cor-
rosion of metal§9. Previous studies have shown that
indoleand someof itsderivativesdisplay good inhibi-
tion propertieson corroson of sted and copperinacidic
solutiong’®4, Somethiophenederivativeswere stud-
ied ascorrosioninhibitorsfor ironin nitric acid*® and
for AISI 316 SSin HCI solutiong*®. It has been as-
sumed that thefirst tagein theaction mechanismof the
inhibitorsin the aggressive mediaisthe adsorption of
theinhibitors onto the metal surface. The process of
adsorption of inhibitorsisinfluenced by the natureand
surface charge of themetal, the chemical structure of
organicinhibitors, thedistribution of chargeinmolecule,

thetype of aggressive e ectrolyte and thetype of inter-
action between organic moleculesand themetallic sur-
f ace[ 17-21] .

Theobjectiveof thiswork wasto: i) investigatethe
inhibition action of somethiophenederivativestowards
thecorrosion of 304 SSin3M HCIl using chemica and
electrochemica techniquesandii) investigate the effect
of addition of some anionsand temperatureon the cor-
rosionrateand inhibition efficiency.

EXPERIMENTAL

Thechemica compaosition of 304 SSis(weight %):
0.07% C, 2.00% Mn, 0.045% P, 0.030% S, 0.75%
Si, 9.0% Ni, 18.0% Cr and thereminder Fe.

Chemical technique (weight lossmethod)
Thereaction basnusedinthismethod wasagradu-
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ated glassvessd 6 cminner diameter and having atota
volumeof 250 ml. 200 ml of thetest solutionwereem-
ployed in each experiment. Thetest pieceswere cut
into 2x2x0.1cm. They weremechanicdly polished with
emery paper (acoarse paper wasusedinitialy and then
progressively finer gradeswere employed), ultrasoni-
cally degreased in acetone??, rinsed with doubly dis-
tilled water and finally dried betweentwofilter papers
and weighed. Thetest pieceswere suspended by suit-
ableglasshooksat the edge of the basin, and under the
surface of thetest solution by about 1cm. After speci-
fied periods of time, the test pieces were taken out of
thetest solution, rinsed in doubly distilled water, dried
asbeforeand weighed again. Theaverageweight loss
at a certain time for each set of the test pieces was
recorded to the nearest 0.001g. Precautionswere al-
ways madeto avoid scratching of the specimen during
washing after exposure. Theweight lossof meta inthe
corrosivesolutionisgivenby:

AW =W_-W, )
where: W istheweight of metal beforeexposuretothe
corrosivesolution. W, istheweight of metal after ex-
posuretothe corrosive solution.

The percentageinhibition efficiency (IE %) and the
degreesof surface coverage (0) of theinvestigated mol-
eculeswere computed by thefollowing equations:
1E % =[1-(K gy Keor)] X100 @)

0 =[1-(K sy oy Keorr)] (©)
where:k  andk .. istheweight|ossof metal per
unit areain the absence and presence of inhibitors at
giventime period and temperaturerespectively.

Electrochemical techniques

SSwasacylindrica rod embedded in ard ditewith
exposed surface of 1.0 cm? was employed. Prior to
each experiment the surface of 304 SSwere mechani-
cally polished with different grades of emery paper,
degreased with akaline solution and rinsed by distilled
water. Also asaturated calome e ectrode (SCE) anda
platinumfoil wereused asreferenceand auxiliary elec-
trodes, respectively.

A congtant quantity of thetest solution (100ml) was
takeninthepolarization cdl. A timeinterva of about 30
minuteswasgivenfor thesystemto atain asteady state
and theopen circuit potential (OCP) wasnoted. Both
cathodic and anodi ¢ polarization curveswererecorded

@Wuc CHEMISTRY —

TABLE 2: % Inhibition efficiency at different concentra-
tionsof theinvestigated thiophenederivativesfor thecorro-
sion of 304 SSin 3M HCIl at 30°C

(IE(%))

Conc. M
(1) (1 (1) (1v) (V)
1x10°® 24.0 145 155 8.8 6.4
3x10° 27.8 19.3 19.2 15.4 87
5x10°® 304 245 219 21.2 13.28
7x10° 318 26.5 24.6 26.1 15.2
9x10°® 329 28.1 29.8 316 15.9
1.2x10° 409 353 348 334 16.4

gavanodtatically usngAme Gavanostat (M odel-549)
and digital Multimeters (Fluke-73) were used for ac-
curate measurements of potential and current dengity.
Solutions were not dearated to make the conditions
identical toweight lossmeasurements. All the experi-
mentswere carried out at 30+1°C by using ultra circu-
lating thermogtat.

Corrosion current density can be determined from
polarization curvesin different ways. Two methods are,
ingeneral, used for the determination of the corrosion
current density (I ). These methods are Stern-
Geary'?® method and intercept (Wagner et ., (1938))
method and they are based on anodic and/ or cathodic
Tafd curves.

Stern-Geary method used for the determination of
corrosion current is performed by extrapol ation of an-
odic and cathodic Tafel lines of charge transfer con-
troI led corrosion reactionsto apoint which giveslog

|, ad the corresponding corrosion potential (E_ )
for inhibitor freeacid and for each concentration of in-
hibitor. Thenj _ was subsequently obtained and used
for cal culation of inhibition efficiency and surface cov-
erage(0).

IE % =[1-(,, (mh) Joorr (free))] %100 4
0 =[1 = G oorr oo Jcorr rrey )1 ©)
where: j Jcor (e isthecorrosion current in the absence of
inhibitor.j_ inh) isthecorroson current inthe presence
of inhibitor.

For potenti odynamic anodic pol ari zation study was
carried out using Volta Lab (PG 100) with software
Voltamaster 4. The examinations of 304 SS
potentiodynamically were carried out from -1000 to
1000 mV at scanning rate 1 mV/secin 3.5% NaCl in
the absence and presence of 1x10%, 3x10%, 5x10°%,
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TABLE 3: Synergistic parameter (S) for variousconcentra-
tionsof all investigated inhibitorsin 3M HCI in thepresence
of 1x102M of K1, KSCN and K Br at 30°C from weight loss
method
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TABLE 4: % Inhibition efficiency at variousconcentrations
of all inhibitorsin presenceof 1102M K1, KSCNand KBr as
determined from weight lossmethod for thecorrosion of 304
SSin3M HCl at 30°C

S 1E(%

conc. M “Compound Compound Com(piund Compound Compound Conc.M "Compound Compound CE)mE)OL?:]d Compound Compound
0] () () (1v) ) 0] (1) (1 (1v) W)
1x10° 15 14 12 13 14 1x10° 62.8 60.3 60.3 58.6 53.9
3x10°® 17 16 12 15 15 3x10° 65.2 61.7 61.7 60.8 55.7
_ 5x10°® 18 16 13 16 14 _ 5x10° 66.5 63.1 62.9 62.6 57.4
* 7x10°® 18 17 14 17 14 x 7x10° 67.6 65.6 64.9 63.9 59.1
9x10°® 18 18 15 18 15 9x10° 68.7 68.1 66.4 65.6 63.1
1.2x10°% 18 19 13 15 16 1.2x10° 715 710 704 67.6 66.2
1x10° 1.0 11 15 12 12 1x10° 56.7 519 49.5 4.7 49.3
3x10°® 1.0 12 11 12 11 3x10° 60.6 59.6 529 54.9 53.8
% 5x10° 1.0 1.2 11 11 11 %) 5x10° 64.1 62.9 57.7 59.7 56.8
g 7x10° 1.0 1.2 11 1.2 1.1 g 7x10° 67.4 64.9 62.0 62.2 58.9
9x10° 1.0 1.2 1.2 1.2 1.0 9x10° 68.6 67.8 64.8 64.6 61.7
1.2x10° 1.0 1.3 0.9 1.0 11 1.2x10° 70.2 69.0 67.9 66.3 63.2
1x10° 0.9 0.8 0.9 1.0 1.0 1x10° 25.8 18.8 15.5 12.8 11.4
3x10° 0.9 0.9 0.9 11 11 3x10° 30.7 24.6 23.6 19.4 19.3
& 5x10° 0.9 1.0 0.9 11 11 & 5x10° 316 314 26.9 24.1 22.8
X 7x10° 1.0 1.0 11 1.2 1.0 < 7x10° 37.8 36.9 37.8 29.8 279
9x10° 1.0 11 1.0 1.3 1.0 9x10° 41.8 41.8 34.3 338 333
1.2x10° 1.0 1.3 0.9 11 11 1.2x10° 51.8 45.9 42.7 417 38.1

7x10°%, and 9x10%and 12x 10 thiophene derivative.
RESULTSAND DISCUSSION

Weight-lossmethod

Figure 1 showstheweight loss-timecurvesfor 304
SSin3M HCI intheabsence and presence of different
concentrationsof thiophenederivatives. Asshownfrom
thisFigure, by increasing the concentration of these
compounds, the weight loss of 304 SS samples are
decreased. Thismeansthat the presence of these com-
poundsretardsthe corrosion of 304 SSin3M HCl or
inother words, these compounds act asinhibitors.

Thelinear variation of weight losswithtimeinunin-
hibited and inhibited 3M HCI indicatesthe absence of
insolublesurfacefilmsduring corrosion. Inthe absence
of any surfacefilms, theinhibitorsarefirst adsorbed on
to themetal surface and thereafter impede corrosion
ether by merely blocking thereaction sites(anodicand
cathodic) or by altering the mechanism of theanodic
and cathodic partial processes. The enhancement of

inhibition efficiency with increaseininhibitor concen-
tration either could be dueto the higher activation en-
ergy or totheincreasein surface coverage by inhibitor.
From thecal culated values of %I E givenin TABLE 2,
theorder of theinhibition efficienciesof thiophenede-
rivative compoundsisasfollow: (11) > (111)>(1V)>

(V)>().
Syner gistic parameter

All theexperimentd resultssuggest that addition of
K1, KSCN, KBr to the corrosi ve sol utions containing
variousconcentrations of thethiophenederivativessig-
nificantly increasestheinhibition efficiency. Thisbehav-
ior may beattributed to theresultsof synergistic effect
between these anionsand thiophene derivatives. The
synergistic parameter (S) can befurther usedtoreved
the effect between two compounds?! Aramaki and
Hackerman®! cal cul ated the synergism parameter S,
using thefollowing equation.
S,=1-0,,/190,, (6)
where: 0,,,=(0,+0,)-(6,0,), 0, = surface coverage
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Figurel:Weight loss- timecurvesfor the dissolution of 304
SSin theabscence and presenceof different concentrations
of compound (1) at 30°C

by anion, 6, = surface coverage by cationand ', , =
measured surface coverage by both theanion and cat-
ion.

Accordingly, S approaches 1 when no interaction
between inhibitorsexists, while S> 1 pointsto asyner-
gisticeffect. Incase S< 1, theantagonisticinteraction
prevails, thismay beattributed to competitive adsorp-
tion(,

Thevauesof Sbetween thiophenederivativesand
KI, KSCN, KBr were calculated viaeq. (6) and are
listedin TABLE 3. Ascan seenfromthisTABLE 3,
most values of the S are more than unity, which sug-
gedtsthat theimprovement ininhibition efficiency isdue
to asynergistic effect generated by theaddition of K,
KSCN, KBrto 3M HCI containing different concen-
trationsof thiophenederivatives, but themaximum syn-
ergistic effect presents when the concentration of
thiophenederivativesis1.2x10° M. It isknown that
K1 would beconsidered asone of the effectiveanions
for synergigtic action withintheinvestigated sdts. The
synergistic effect depends on the type and concentra-
tion of anions. The adsorption ability onthe 304 SS
surfaceswasintheorder: KI >KSCN >KBr (TABLE
4). Similar results were obtained by other research-
ers[27—29]l

Obvioudy, thiophene compoundsare nitrogen and
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Figure 2 : 0-log C curves for 304 SSin 3M HCI in the
presence of all inhibitor sfrom weight loss measur mentsat
30°C

sulfur-contain organic compounds, which contains
unshared €l ectron pair and n-electrons. So, thiophene
derivatives can be adsorbed onto the surface of 304
SSthrough the transference of lone-pair electrons of
nitrogen and sulfur atomsto thed-orbita iniron atom,
but in acid sol ution thiophene compounds may be pro-
tonated, leading to positivechargein molecule. Itiswell
known that steel surface containspositive chargedue
toE_,-E_, (zerocharge potential) > 0¥ in acid solu-
tion, thus, itisdifficult for positively charged thiophene
derivativesto approach thepositively charged sted sur-
face because of the e ectrogtatic repulsion. Thismay be
why singlethiophene derivatives cannot act asexcel -
lentinhibitor for stedl corrosionin3M HCl solutionwith-
out I-, SCN-, Br- anions. When these anions (I, Br,
SCN") areadded to 3M HCI containing thiophenede-
rivatives, firstly, they adsorbed on stedl surfaceturning
it negatively charged, thus, the protonated thiophene
cationsarelikely to beadsorbed not only through el ec-
trogtaticinteraction on the sted surfacepreviously cov-
ered with these anions but al so through the transfer-
ence of lone-pair el ectronsof N- and S- atomsto the
d-orbital inironatom. So thiophenecationsand (I, Br
, SCN) ionscan be easily adsorbed onto the steel sur-
face. Thismay bewhy theinhibition efficiency inthe
presence of thiophene derivativesand K1, KSCN, KBr
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Figure3: Curvefitting of corrosion datafor 304 SSin 3M
HCl inthepresenceof different concentrationsof Thiophene
derivativestokinetic model

ismoresignificantly higher than that inthe presence of
snglethiophenederivatives.

Ador ptionisotherm

To understand themechanism of corrosion inhibi-
tion, the adsorption behavior of the organic adsorbate
onthemeta surfacemust beknown. If smpleadsorp-
tive behavior isassumed for thiophene derivatives, a
direct relationship betweeninhibition efficiency and sur-
facecoverage, 0, of theinhibitor, takesplaceand weight
loss and el ectrochemical polarization datawere used
to evduatethe surface coveragevaues, which aregiven
by eq. 3& 5.

Thesurfacecoveragevaues(0) weretested graphi-
calytodlow fitting of asuitableadsorptionisotherm.
Theplotsof 6 vs.log C (Figure2) yielded Sraight lines
which clearly proving that the adsorption of thiophene
derivativesfrom 3M HCI solution on 304 SS obeys
the Temkin adsorption isotherm where®Y:
f(0,X)exp(-a,0)=KC @)
wheref(0, X) istheconfigurationaly factor that depends
essentially onthephysica mode and assumptionsun-
derlyingthederivation of theisotherm, aisamolecular
interaction parameter depending upon molecular inter-
actionsin the adsorption layer and the degree of het-
erogeneity of thesurface (a<0meansrepulsonand a
>0 meansattraction) . All adsorption expressionsin-

—= Pyl Peper
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Figure 4 : log corrosion rate vs.1/T curves for 304 SS
dissolution in absence and presence of 9x10°M of inhibi-
tors

cludethe equilibrium constant of the adsorption pro-
cess, K, whichisrelated to the standard free energy of

adsorption (AG®, ) by:

K = (1/55.5) exp (-AG®_/RT) )
whereR istheuniversa gasconstant and T isthe abso-
lutetemperature.

Ontheother hand, itisfound that thekinetic-ther-
modynamic model of El-Awady et a =2
log (6/1-8) =logK' +ylog C 9

Eq. (9) isvalid to operate the present adsorption
data. Theequilibrium constant of adsorption K = K’
Y, where 1ly isthenumber of surface activesitesoc-
cupied by onethiophenederivativesand Cisthebulk
concentration of theinhibitor. By plotting log (6/ 1-0)
againgt log Cfor theused thiophenederivativesat 30°C
astraight linerelationshipswere obtained (Figure 3)
suggesting thevalidity of thismodd for al casesstud-
ied. Thevauesof K andAG® _, calculated by Temkin
adsorptionisotherm and 1/y, K and AG°_ calcul ated
by thekineticmode aregivenin TABLE 4. Inspection
of thedataof thistable showsthat thelarge values of
AG°_ anditsnegativesignindicatethat theadsorption
of thiophenederivativeson 304 SSsurfaceisproceed-
ing spontaneoudy and isaccompanied by highly-effi-
cient adsorption. Also, the value of 1/y ismorethan
unity. Thismeansthat thegiveninhibitor moleculeswill
occupy morethanoneactivesite. Thevauesof AG®,
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Figure 5 : log corrosion rate/T vs.1/T curves for 304 SS

dissolution in theabsenceand presenceof 9x10°M of inhibi-
tors

TABLES: Inhibitor binding congtant (K), freeener gy of bind-
ing (AG°_,) lateral inter action parameter (a) and number of
activesites(1/y) of all inhibitors(9x10°M) for thecorrosion
of 304SSin3M HCl at 30°C

Temkin Kinetic model
Inhibitor a K(:Al%e‘ ( ﬁ]Gr;aS-'l) Uy K('>\</|19)4 (l'é?;g‘f?i)
()] 26 20 58.3 20 16 40.2
(D] 147 86 50.3 17 20 35.0
(D) 156 79 50.1 25 12 33.9
(v) 136 4.1 48.4 25 10 333
V) 125 27 47.8 444 56 317

—=—INECT

—a— 110N
—A— A1 ML
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g 1m0
-0.15 — /’..

Potential, V(Vs.SCE)
s
i
|

T b L] x T " T x T x
1.0 1.5 20 25 3.0 3.5 4.0

log ipA cam”

Figure6: Galvanogatic polarization curvesof 304 SSin 3M
HCl intheabsenceand presenceof different concentr ation of
compound (1) at 30°C

TABLE 6: Activation parameter sof thedissolution of 304 SS
in 3M HCI inthepresenceand absence of 9x10°%M investi-
gated compounds

Activation Parameters

Inhibitor E, , AH ™, CAST,
(kJ mol™) (kJ mol™Y) (I maltK?

Blank 52.6 49.96 122.3
0 56.8 54.16 111.2
D) 56.4 53.72 112.0
1 55.2 52.52 117.0
(V) 53.2 50.59 123.9
) 53.4 50.64 124.3

obtained from Temkin adsorption i sotherm are compa-
rablewith those obtained by EI-Awady model. From
TABLE 3 asowe can concludethat the moreefficient
inhibitor istheonewhich hasthemore negativeva ues
of AG_,, sotheinhibition efficienciesisasfollows: (I)
> > >(1V) > (V).

Effect of temperature

To investigate the mechanism of inhibitionand to
determinethe activation energy of the corrosion pro-
cess, weight loss curves of 304 SSin3M HCI were
determined at various temperatures (35 40, 45 and
50°C) inthe absenceand presenceof 1x10°%, 3x10°,
5x10°, 7x10°, 9x10° and 12x10°M of thiophene
derivatives. The data prove that % inhibition is de-
creased asthetemperatureincreased, also the order of

inhibition efficiencyis: (1) > (1) >(11)> (V) <(V).
Activation parameter sof corrosion process

Theapparent activation energy E ', theenthal py of
activation AH* and the entropy of activation AS* for
the corrosion of 304 SS samplesin 3M HCI solutions
intheabsence and presence of different concentrations
of thiophene derivatives were calculated from
Arrhenius-type equation:

Rate(k)=A exp (-E.'/RT) (10)
TheEyringequetionis.
Rate (k) =exp (-AG°_, /RT)
=(RT/Nh) exp(AS*/R)exp(-AH*/RT) (1)

whereA isthefrequency factor, histhe Planck’s con-
stant, N isAvogadro’s number and R is the universal
gasconstant. A plotsof log Ratevs. /T and log (rate/
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Figure7: Potentiodynamicanodic Polarization curvesof 304
SSin 3.5 % NaCl containing different concentrations of
compound (1)
T) vs. T givedtraight lineswith slopeof -E_/2.303R
and - AH*/2.303R respectively. Theinterceptswill be
A andlogR/Nh+ AS*/2.303R for Arrheniusand tran-
Sition stateequiati ons, respectively.

Figure4 representsplotsof thelogratevs. /T and
figure5 representlog (rate/T) vs. /T data. Thecalcu-
lated val ues of the apparent activation energy, E., acti-
vation entropies, AS"and activation enthalpies, AH" are
giveninTABLEDS.

Thedmost similar vauesof E, inthepresenceand
the absence of inhibitors suggested that theinhibitors
aresmilar intheir mechanism of action and the order of
efficiency may berd ated to the preexponentia factor A
ineg. (7). Thisisfurther related to concentration, steric
effects and metal surface characters. According to
Oguzie€™* and Abd El-Rehimi¥ unchanged or lowered
activation energy ininhibited system compared to blank
isindicative of chemisorptions possibly, because some
energy isused up in chemical reaction. Theendother-
mic one (AH* > 0) is attributed unequivocally to
chemisorptions, an exothermic adsorption process
(AH*< 0) may involve either physisorption or
chemisorptions or amixture of both processes. Inthe
present work, the positive val ue obtained may attrib-
uted unequivocally to chemi sorptions. We remark that
theaddition of inhibitor hasvery littleeffect onthe AH*:
which remainsunaffected. Thenegativevauesof AS*

—— 3
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Figure8: Thereationship between pitting potential of 304
SSand logarithm the concentr ation of theadditivesin pres-
enceof 3.5% NaCl

show that the adsorption processis an ordered phe-
nomenon. Theorder of theinhibition efficiencies of
thiophenederivatives as gathered fromtheincreasein
E. and AH* valuesand decreasein AS* avalueisas
follows: (1) > (1) >111)>(1V) > (V).

Thevaluesof E;" arelarger than theanal ogousval -
ues of AH* indicating that the corros on process must
involveagaseousreaction, s mply the hydrogen evol u-
tion reaction, associated with adecreasein thetotal
reaction volume. Thisresult verified theknown ther-
modynamic relation between E” and AH*%% which
IS.AH*=E ' -RT.

Galvanostatic polarization

Gavanodtatic polarization curvesof 304 SSin3M
HCI in the absence and presence of different concen-
trationsof compound (1) at 30°C is illustrated in figure
6. Similar curveswere obtained for other compounds
(not shown). Thedectrochemical parametersof com-
pound (1) such as, corrosion current density (j ), cor-
rosion potentia (E_ ), Tafel slopes(B,and B ), calcu-
lated from Tafe plotsaregivenin TABLE 7 asarepre-
sentative one. Asit can be seen, both cathodic and an-
odicreactionsof SSelectrodewereinhibited with the
increaseininhibitor concentrationin3M HCl acid. The
addition of inhibitorsdecreasesthej  vauessignifi-
cantly for al the studied concentrationsdueto thein-
creasein blocked fraction of the el ectrode surface by
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TABLE 7: Corrosion parametersobtain fromgalvanostatic  TABLE 8: Molecular propertiesof theinvestigated deriva-
polarization of 304 SSin 3M HCI containingvariousconcen- tivescalculated with semiempirical method in aqueousphase
trationsof inhibitor (1) at 30°C

-Enomo,  -ELumo,  AE,  m=AE/R,

- Compounds
cono. M Eoor B B o Eos P (V) @) (V) (V)
(mV vsSCE) (mA cm?®) (mV dec?) (mV dech) 0 856 1.00 756 3780
0.0 331 338.78 57 73 -
D) 8.79 1.10 7.69 3.845
1x10° 328 154.17 53 60 0.545 54.5
(m 8.80 1.10 7.70 3.850
3x10° 323 144.88 50 75 0572 57.2
(1v) 8.90 1.19 7.71 3.855
5x10° 323 109.40 48 69 0677 67.7
V) 9.16 1.29 7.85 3.925
7x10° 324 95.72 52 71 0.718 718
9x10° 323 7261 49 71 o078 786 adsorption. Itisalso evident fromthisstudy that the
1.2x10° 321 61.94 48 73 0817 817 inhibition of the SScorrosion isunder both cathodic

Figure9: Molecular orbital plotsaswell asactive sitesfor electrophilic, nucleophilic and radial attack on arylazodyes
derivatives
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and anodi c control and these compoundsdo not cause
sgnificant shiftinE_ values, thereforetheseinvesti-
gated compounds can be classified asmixed-typein-
hibitorsin3M HCI.

Itisapparent from theresultsthat the |E % of these
additivesisintheorder: (1) >(11) > (111) > (V) > (V).

Effect of some thiophene derivatives on the
potentiodynamic anodic polarization curvesof 304 SS.

Theprimary step in the action of corrosion inhibi-
torsinacid solution usualy adsorption of inhibitorson
the metal®. The plots of figure 8 represent the
potentiodynamic anodic polari zation curves of SStype
304 electrodein 3.5% NaCl (smilar to seawater) so-
|ution at ascanningrate 1 mV/sec. It wasfound that the
pitting potentia of thestainlesssted ectrodeisshifted
tomorepositive (noble) va ueswith increasing the con-
centration of additivesva uesthisindicatesthat increased
resistanceto pitting attack in accordancewith thefol -
lowing equetion:

Epm. = az+ bz |Og C inh. (12)
where a, and b, are constants which depend on both
the composition of additives and the nature of the el ec-
trode.

Figure9 representstherel ationshi p between pitting
potentia and thelogarithmic of themolar concentration
of theadded compounds. Straight lineswere obtai ned.
Inhibition afforded by these compoundsusingthesame
different concentrations of the additivesdecreasesin
thefollowingorder: (1)>(11)>(111) > (1V) > (V).

Theinhibition efficiency dependson many factors
including adsorption centers, mode of interaction, mo-
lecular size and structure®“%, Theeffect of molecular
structure, szeand functiond group canbeeasly viewed
from the difference in the structure of investigated
thiophenederivatives.

Thesethiophene derivativesin the present study
containN, S, and O atomswhich arein the protonated
form and henceit isquickly adsorbed onthe metal sur-
face and thusforming an insoluble stablefilm onthe
mild steel surface. Thisisusualy observed by the de-
creasein corrosion losswhich dependson the concen-
tration of inhibitor. The adsorption of theseinhibitors
onto the metal s has been described in terms of con-
ceptsof “hard-soft acid and bases” and electrosorption
vaency. Inhibitiveefficencieschangewith thenature of

= Fyl) Paper

subgtituent intheinhibitor mol eculesase ectron densi-
tieschangeat functiona groups. Substituent increase
theinhibitiveefficiency probably because of strong ad-
sorption forcesarising fromincreased e ectron density
dueto nucleophilicor eectrophilic subgtituent. Thepro-
tectiveefficiency isaso related with steric factor.

Thedifferenceininhibition efficiency fromtwometh-
ods may beattributed to the different surface status of
thedectrodein two measurements. In polarization mea-
surementsthee ectrode potentid was polarized to high
overpotentials, non-uniform current distributions, re-
sulted from cell geometry, solution conductivity, counter
and reference el ectrodes placement etc, will leed to dif-
ference between the el ectrode areaactualy undergo-
ing polarization and total ared*!.

Theoretical studies

Thereactiveability of theinhibitor isrelated tothe
highest occupied molecular orbitals(HOMO) and the
lowest unoccupied molecular orbita (LUMO), accord-
ingto Fukui’s frontier molecular orbital theory!2. Higher
E, .ouo Of theadsorbent leadsto higher donating el ec-
tron ability. Low E ,,, indicatesthat the acceptor
acceptsd ectronseasly. Thecd culated quantum chemi-
cal indices of investigated compounds are shownin
TABLE 8. ThedifferenceAE=E ,,, - E,,ouo 1Sthe
energy required to move an electronfromHOMO to
LUMO. A low AE facilitates adsorption of the mol-
eculé* and thuswill cause higher inhibition efficiency.
The band gap energy AE increasesaccording to: (1) <
(1) < (111) < (1V) < (V). Thisfact explains the de-
creasing inhibition efficiency inthisorder asshownin
TABLES.

TheHOMO, LUMO and electronic charge den-
Sty distributionsof themoleculeswereplottedinfigure
8aand 8D, respectively. It can observe that the ben-
zenering attached to NH group of thethiophenering
and thethiophenering have alarge e ectron dengity.

CONCLUSIONS

(1) Theinvestigated thiophenederivativesinhibit the
corrosion of 304 SSin 3M HCI solution by being
adsorbed onthemetal surface and the adsorption
of theseinhibitorsobeys Temkin’s adsorption iso-
therm.
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Galvanogtatic polarization techniquerevea sthat
these thiophene derivativesare mixed-typeinhibi-
torsfor corrosion of 304 SSinacidic media
Theinhibition efficiency increaseswithincreasing
theinhibitor concentration but decreaseswiththe
increase of thetemperature.

Thekinetic parametersvaluesobtained fromthis
study (E,, AH* and AS*) indicatethat the pres-
ence of thiophene derivatives decreasesthe E_
and the negative values of AG®_,_indicate the
spontaneous adsorption of inhibitorson the SS
surface.

Thedataobta ned from thethreemethodsnamely,
weight loss, galvanostatic polarization and
potenti odynamic anodic polarization arein good
agreemen.

Theinhibition of theseinvestigated compoundsis
governed by physi sorption mechanism.

Quantum chemica calculationsgiveacorreation
between parametersrel ated to electronic struc-
ture of investigated compounds and their ability
to inhibit the corrosion process. The calculated
indices show good correlationwith theinhibition
efficiency.
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