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ABSTRACT

The electrochemical Behaviour and corrosion of tin in various concentra-
tions of citric acid solutions (0.1 to 1.0M) has been studied by using cyclic
voltametric technique under different experimental conditions. The
potentiodynamic anodic polarization curves exhibit active/passive transi-
tion. The active dissolution of tin involves one anodic peak. During the
active region, tin dissolves as Sn(I1), which is oxidized to Sn(lV) to yield
either Sn(OH), or SnO, on the anode surface. The active dissolution of tin
enhances with increasing acid concentration, temperature and scan rate.
The cathodic curve exhibits one cathodic peak corresponding to the reduc-
tion of passive layer. Addition of Cl-, Br-or I-ionsto the citric acid solution
enhances the anodic dissolution of tin. The aggressiveness of the halide
ions towards the stability of the passive film decreases in the order ClI->Br-
>|-. Addition of some polyethylene glycolsto citric acid solution decreases
the current density of the anodic peak and shiftsits peak potential towards
the negative direction. These changes depend on the concentration and
molecular weight of the polyethylene glycol added.
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INTRODUCTION

Tin, an amphoteric metal, reactsin both acid and
dkdinebutisreatively resstant to neutral media. Used
as an electrodeposited coating on steel, copper or
nickel, it presentsvery large surface arrearsto corro-
siveenvironments. Potentia pH diagramg'4 showsit
favourably corrodesin acid and dkaline, the behaviour
of tin changesfrom passivity to corrosion at pH 5-4,
whichisintheacidrainrange.

High purity tin dissolvesonly dightly in acidsfree
fromair or other oxidizing agentsduetothe high over

potentia of hydrogen and thus, corrosioniscontrolled
by the oxygen supply rate. However, inlarge concen-
tration oxidantsmay practicaly stop corrosionand bring
about passivation. Corrosionincreasesif tinisin con-
tact with ameta with alow hydrogen over potential
and accderatesif smal quantitiesof metdlicimpurities,
such asthose commercial gradestin are present(®4.

Literatureshowsthat e ectrochemica behaviour and
corrosion of tininthe presence of carboxylic acid and
the so-called fruit acid has been the subject of consid-
erableinterest’>14,

Uniform corrosion of tinisobservedin purecitric
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acid revealing asurfacethat showsanisotropic reflec-
tion of polarizedlight.

Thereisagenera agreement intheliteraturethat
high corrosonresistanceof tinincitricacid solutionis
dueto the presence of athin stable passivefilm that
formsonthe metd surface. Severd authorsreport that
the corrosion accel erate when the surfaceis exposed
to agueous sol ution contai ning aggressive anionssuch
ashalided™9,

Only very littlework isavailableon theinfluence of
ploy ethyleneglycol asadditive polymersonthee ec-
trochemical behaviour of tinin carboxylicacid media.
These compounds (PEG) arewater soluble, waxy solid
that areused extensively inthecosmeticand toiletry in
industry. Yet ared so foundin many persond careprod-
UCtS[ZO,Zl] .

The present work was under taken to study the
corrosion behaviour of tinin citricacid solution. The
effect of acid concentration, temperature, scanrateand
presence of somehalideionsand polyethyleneglycols
asadditive polymersdifferent in molecular weight equa
1200, 4000 and 6000 wereinvestigated by means of
cydlicvoltammograms.

EXPERIMENTAL

The working el ectrode employed in the present
work was made of spec pure tin (99.99, Johnson
Matthey Chemical Lid). Theinvestigated materid was
cut ascylindrica rod, welded with Cu-Wirefor el ectri-
cal connection and mounted into glasstubes of appro-
priatediameter using araldite offer on activeflat disc
shaped surface of (0.785cm?) geometric areafor the
electrode, to contact the test solution. Prior to each
experimental, the surface pretreatment of theworking
€l ectrode was performed by mechanicd polishing (us-
ing a polishing machine model POLIMENT |,
BUEHLER POLISHER) of thedectrodesurfacewith
successive grades of energy papers down to 12000
grituptoamirror finish. Thedectrodewasthen, rinsed
with acetone, distilled water, and findly dipped inthe
eectrolyticcdl.

Theexperimentswereperformed in a100ml vol-
umecedl at 25°C+1, usng Pt wireand SCE asauxiliary
and refrenced ectrodesrespectively. The SCE wascon-
nected viaalL uggin capillary, thetip of whichwasvery
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closeto the surface of theworking electrode to mini-
mizethe R drop. All potential giveninthispaper are
referred tothisrefrence electrode.

The experimentswere carried out in 1.0M citric
acid (CH,0,) solution devoid of and containing differ-
ent concentrationsof NaCl, NaBr, Nal and polyethyl-
eneglycol. All solutionswerefreshly prepared from ana
Iytical grade chemical reagentsusing doubly distilled
water and were used without further purification. For
each run, afreshly prepared solution aswell asacleaned
set of electrodeswas used. Each runwas carried out,
using water thermostat, pH values of solutionswere
measured and by using an ORION RESEARCH digi-
td ion analyzer (model 501).

The potentiodyanamic current/potentid curveswere
recorded by changing the electrode potentid automati-
cally from-2000mV to +2000mV with scanning rate
of 30mVS™

A Potentiostated Galvanostat (EG and G model
273) and apersonal computer wereused. M 352 cor-
rosion softwarefrom EG and G Princeton Applied Re-
search was used for the potentiodynamic pol arization.
Some experimentswere repeated at |east threetimes
and theresultswerereproducible.

RESULTSAND DISCUSSION

Thecyclicvoltammogram of tin eectrodein vari-
ous concentrations (0.1-1.0M) of citric acid solutions
(C,HO,) between -2000mV and +2000mV (Vs.
SCE) by scan rate of 30mV StisshowninFigure 1.
On theforward scan the cathodic current density cor-
responding to the hydrogen evol ution decreases gradu-
ally and changesits sign at potential -0.750mV and
showsactive/passivetrangtion. Theactivedissolution
potentid involvesanet anodic contribution. Thisisfol-
lowed by a passiveregion. Beyond the potential (Ep)
the activedissolution current density falsrapidly toa
very smdl vaue(l p@) denoting themost of permanent
passivation. Thisregion extends up to +2000mV with
amost constant current density | s and oxygen evolu-
tion was not observed up to +2000 mV, indicating the
poor el ectro conductance of the passivefilm. It seems
that the passivefilmincrease, the over potential for
oxygen evolution®, Passivefilmformation and thick-
ening were mainly caused by ionic conductance*®l,
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Figurel: Cyclic voltamogramsof tin electrode at various
concentrationsof citricacid at 25C between -2000mV and
+2000mV at scan rate 30mVS?
Thereversescan exhibitsonesmall cathodic pesk (C),
the appearance of the cathodic peak isdueto there-
duction of thepassivefilm. Intheactivedissolutionre-
gion, tindissolvesas Sn(ll):
Sn—Sn(l1)+2e (E°=0.136V)
Where E° isthe standard oxidation potential. This
reactionisfollowed by theformation of Sn(IV) species
accordingto
Sn(11)—->Sn(1V)+2e (E°=-0.150V)

Sincetheequilibrium potential s corresponding to
the above oxidation reaction are very close®!. It is
known that tin undergoeshydrolysisinacidic medid®!.
Sn(IV)+4H 0—-»Sn(OH),+4H*

Sincethehydroxideishighly insoluble, it precipi-
tates on the anode surface giving riseto apassivating
film. Themost stabl e speciesunder anodic polariza-
tion, however, isthe hydrated oxide SnO,.H, 02627
Sn(OH),+4H,0-»Sn0,.xH,0+(2-X)H,0

For thisdehydration reaction DG is-42Kj.mol !
andisthereforehighly irrevi®,

It can safely be assumed that dehydration to
Sn0,.H,Oisdsoirreversible. Therefore onecan con-
cludethat the passivity isdueto the presence of afilm
of Sn(OH), and/or SnO,.XH,O on theanode surface.

Inspection of thedata of Figure 1 reveal sthat the
amount of electricity consumed during the anodic
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Figure2: Therelation between peak current density (1,,,) and
log C

citric

sweep ismuch higher than theamount used during the
cathodic sweep suggesting that that thetin dissolves
into the solution and the passive film must be quite
thin.

It seemsthat the peak current (1.,,) of peak A in-
creaseswhileits corresponding peak potential (E,,)
shiftstowards more positive valueswith increasing of
thecitric acid concentration. The rel ationship between
logl,, VslogC_, isshowninFigure2andthisrelation
obeysthefollowing equation
,,=0.62+0.95l0gC_,

These results may be due to the decrease in the
formation and precipitation of the passiveoxidefilm,
theacce eration effect of acid can bedueto adsorption
of citrateion L= at active siteson theel ectrode surface
followed by desorption of theformed soluble SnL. spe-
ciesasfollowing
Sn+L*>SnL-, +2€
SnL-, —SnL-

Therefore, theanodic current peak (1I.,,) isindicar
tive of thetwo processes; thedissol ution of tin and for-
mation of solubleSnL? « and precipitation of tin oxides
on thee ectrode surface, precipitation of tin oxideson
the anodic surface blocksthe active surface sitesand
causesinactivation of apart of thesurfacewith respect
tothecorrosivemedia

When the surfaceis completely covered withthe
passivefilm, theanodic current density falstoasmall
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Figure3: Cyclicvoltamogr;r;;fi)tr'htjih in 1.0M citricacid at
25°C at different scan rates(v)

vauel . Someauthorsreport smilar mechanismfor
dissolution of tin anode in citric®® maleic*® and
isobuteric acidi®sl,

Theeffect of potential scanrate(v) onthecyclic
voltammogram of tin electrodein 1.0M citricacid is
showninFigure 3. Itisobserved that the peak poten-
tials of anodic peaks shift to more positivedirection
whilethose of their conjugated cathodic peak shift to
more negative direction. Consequently, the separation
between anodic and cathodic peaks enhanceswith the
increasing scanrate. Theseresultsareconsistent with
theirreversible nature of the oxidation/reduction pro-
cesses. Moreover, the pesk current densitiesof anodic
and cathodic peaksincreasewithincreasein scanrate.

Plotof |, against v¥2isshowninFigure4. Alinear
relation isobtained but theline passesthrough the ori-
gin. The v¥2 dependence observed can beinterpreted
onthebasisof Delhay modd.,
| ,=abZ?CDV2y"?

Whereaand b are constant, D and C arediffusion co-
efficient and concentration of reaction speciesandZ is
thenumber of exchanged e ectrons. Thisresult suggests
that thedissol ution of tinisunder diffusion control by
masstrangport inthe sol ution. Aspredicted by thisequa:
tion, the peak current density goesto zero as sweep
rate goesto zero. Figure 5 representsthe dependence
of the peak potential EPA of peak A onlogv. A linear
relationship is observed with aslope of 1.19mV de-
cade. Thisobservationisconsidered withirreversible
formation of apassvaingfilm onthedectrodesurface?!.
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Figure4: Therelation between the peak current densities
(1,,) against thesquar er oot of thescan r ate (v*%)

Figure 6 showstheinfluence of solution tempera-
ture (25-65°C) on the potentiodynamic response of tin
in 1.0M citric acid with asweep rate of 30mVS™. The
data obtained showsthe general featuresof thecyclic
voltammogramsremain spatia ly unaffected by chang-
ing thetemperature. It isobserved that the current den-
sity flowing along the whole range of the cyclic
voltammogramsincreaseswith rising temperature. The
height of peak A shiftsin positivedirection whilethe
peak potentia of peak C shiftstowardsthe more nega-
tivedirection. Thevaluesof log |, varioustempera-
tureswere plotted asafunction of 1/T(°K) (Arrhenius
plot) and areshownin Figure7. Thedatareveal that
theincreasein temperatureaccel eratestherae of trans-
portation and diffusion of thereactant and product spe-
cies®*3U and henceincreases the corrosion reaction.
The apparent activation energy Ea, for electrochemical
process associ ated with peak A was calculated from
thedopeof Arrheniusplot. The datafurnish an appar-
ent activation energy value E =19.96Kj.mol ™. There-
|ation between the anodic and cathodic behaviour of tin
incitric acid can be established by theincreasing of the
anodic limiting potential in steps. Figure8 represents
thecyclic voltammogramsof tin eectrodein 1.0M cit-
ricacid at 25°C. Themeasurementsstartsat -2000mV
and reversed at variousanodic potentia limiting with
scan rate 30 mV S*. It isfound that when the anodic
potential isreversed at -0.33V (ontheascending side
of peak A) thereverse potentia sweepsretarnesitself
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Figure5: Therelation between the anodic peak potential
(E,,) againgt thesquare root of thescan rate(logv)
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Figure 6 : Influence of temperature (20-65°C) on cyclic
voltamogramsof tin electrodein 1.0M citricacid at scanrate
30 mvS?

and doesnot show any cathodic peak, indicating that
theanode surfaceisfreefrom any passivefilm. When
the anodic potential isreversed at 1.0V (on the de-
scending side of peak A), thereverse sweep showsthe
cathodic peak C suggesting that the precipitation of the
passivefilm ontheéd ectrode surface cause the observed
drop inthedissolution current beyond the anodic peak
potential. When theanodic potentid limitsarereversed
with the passiveregions, thereverse sweep yieldsthe
cathodic peak C. A stepwise increase in the anodic
potentia limit enhancesthe peak current of pesk C and
shiftsitspeak potentia to morenegativevaues. Figure
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Figure7: Therelation between the peak current densities
(I,,) against temper ature
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Figure8: Influenceof increasing stepwise potential on cy-
clicvoltamogramsof tin electrodein 1.0M citricacid at scan
rate30mvs?

9representstypicd cydicvoltammogramsof tinin 1.0M
citricacid at 25°C and 30mV S* under theinfluence of
successive cycling between -2000mV and +2000mV
(SCE) without withdrawing the el ectrode or changing
thesolution. Thedatareveda that theamount of change
consumed through peak A (QA) and peak C (QC) in-
creaseswith repetitive cycling. Theactivation may be
related to progressiveincreasein surface area of pre-
sumably asaresult of increasing surfaceroughness.
Thedatarevel that theratio QA/QC (asrepresented
by the area of each peak) is grater than unity (QA/
QC=4). It can be seen that the peak potential differ-
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Figure 9 : Influence of successive cycling on cyclic

voltamograms(3 cycles) of tin electrodein 1.0M citricacid at
scan rate 30mVS?
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Figure10: Cyclic voltamogramsof tin electrodein 1.0M in

presence of various concentrations of NaCl (0.01to 0.1M)
between potential -2000mV and +2000mV at scan rate

30mvst _ o
enceDE (i.e. E,-E, ) isamost 1.1V confirming the

irreversible nature of the processes. Furthermore, the
peak potential difference DE enhanceswithincreas-
ing number of cycles such as phenomenon may also
be dueto effect of changesin the surface roughness®2.
The effect of addition increasing amountsof NaCl,
NaBr and Nal on the anodic behaviour of tinin 1.0M
citricacid aregivenin Figure 10-12. The measure-
ments were carried out between -2000mV and
+2000mV with asweep rate of 30mV S?. Inspection

30

0.00 M NaBr
25 | |[-—— oo !
= = = 0.03 o %
_—— '}r'_ x
20 g T R
o D T \\ v %
15

10

I(mA.Cm '2)
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E Vs. SCE/V
Figurell : Cyclicvoltamogramsof tin electrodein 1.0M in
presence of various concentrationsof NaBr (0.01t00.1M)
between potential -2000mV and +2000mV at scan rate
30mv St

2 i

0.00 M Nal
i ———o0.01
|- = = 003
—-—-0.05
—--—0.07

20

18

I(mA.Cm?)

Figurel2: Cyclicvoltamograr%s\(;i‘ Et)|(nF|/n\ 1.0M citricacidin
presence of variousconcentrationsof Nal (0.01t00.1M) be-
tween potential -2000mV to +2000mV at scan rate 30mV S?
of the present resultsreveal sthat the presence of ha-
lideanionsenhancestheactivedissolution of tinin cit-
ric acid solution. With increasi ng the halideion con-
centrations, the peak current density |, of peak A
and | . of peak C increases and the corresponding
peak potentia E,, shiftsto more positivevalueswhile
E.. shiftsto more negative values Therelationship
between the peak current density |, of peak AVslog
C (X=CI,Brandl) in1.0M citricacidisshownin
Figure 13, alinear relationship isobserved. Thedata
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Figureld : Thepotentiodyanamic polarization curvesof tin
electrodein citricacid and in presenceof polyethyleneglycol

for (PEG),

show that the accel erating effect of the halide anion
increaseswith anincreaseinitsconcentration. More-
over, the accel erating effect of these anion decreases
intheorder: CI->Br>lI-.

It seems probable that these anions are effective
through an adsorption process®3. These anionsmight
be adsorbed in competition with citrateanionson the
electrode surface, and in that manner have anet effect
of increasing anodic dissolution. It ispossiblethat the
adsorbed halide ions reduce the free energy of the
system and impedesthe passage of ion-atomsof meta
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Figure16: The relationgbetween theinhibition efficiency
(P%)andlogC,

fromthelatticeinto the solution. Because of the high
rate of metal dissolutionwith halideions, thehalide
ionsdo not stay adsorbed but form a soluble species,
which their reactionslead to accel erate dissol ution.
The effect of various concentrations of polyethylene
glycol samples[HOCH,(CH,OCH_)nCH,OH] which
have different molecular weights[(PEG),=1200,
(PEG),=4000 and (PEG)_=6000] on the corrosion
behaviour of tinin citric acid solution wasinvestigated
at 25°C by using potentiodynamic polarization tech-
nique. The potentiodynamic polarization curvesfor tin
incitricacid and in presence of polyethylene glycol
for (PEG),, aregiveninFigure 14 (Smilar resultswere
obtained for (PEG), and (PEG),). Itisclear that the
presence of various concentrations of the polymersin
citric acid solution has a great effect on
potentiodynamic polarization curves. Inspection of the
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datarevealsthat, the anodic peak current density I,
decreases with theincreases of polyethylene glycol
concentrations. This may suggests that these poly-
mersinhibit the acid dissol ution of tin by adsorption
at thetin/acid solution interface. The adsorption takes
placeviaion pair and ion exchange mechanism by
their ethylene oxide groups®¥. Inhibition of the
adsorbed polymers can be explained by blocking the
activesitesavailablefor dissolution reactiong®!. Fig-
ure 15 presents the rel ationship between log Cpon
Vsl,,. Itisclear that the corrosion of tin decreases
with increasing the polymer concentration. M oreover
the corrosion of tin decreases considerably within-
creasing molecular weight of polymer i.e. the corro-
siondecreaseinthe order: (PEG) ,>(PEG),>(PEG)...

Thismay bedueto thedifferent in the number of
ethylene oxide groups, where the number of ethyl-
ene oxide groupsincreases with increasing mol ecu-
lar weight of polymer and this causesan increasein
the bulk of the groups attached to the absorption
sites**3" and hence reduces the rate of corrosion.
Theinhibition efficiency of PEG on the corrosion of
tin, the el ectrochemical parameters(l_, andE_ )
associated with polarization curve (Figure 14) have
been simultaneously determined. The data show
clearly that the addition of theinhibitors decreases
the corrosion current density (I, ) and shiftsthe
corrosion potential E_ . tomorepositivevalue. Since
thecorrosionrateisdirectly relatedtol  , theinhi-
bition efficiency (P%) iscalculated by thefollowing
equation:

o
| corr. — | corr.

P% = x 100

Wherel°_ iscorrosion current in absence of
inhibitor and|__iscorrosion current in presence of
inhibitor. Therelation between theinhibition efficiency
(P%) andlog C, . isgivenin Figure16. Theplots
have S-shaped adsorptionisotherms. These datacon-
firm the assumption that the presence of these gly-
colsinhibitsthe corrosion of tinin 1.0M citric acid
solution viaadsorption process. In al casestheinhi-
bition efficiency increaseswhen the concentration of
theinhibitorsincreases'**. Theinhibition efficiency
of these inhibition decreases in the order:
(PEG)>(PEG),>(PEG),.

CONCLUSIONS

Theactiveanodic dissolution of tinincreaseswith
increasing acid concentration, temperature and scan
rate.

Theratio of anodic charge QA consumed within
peak A to the cathodic charge QC consumed withinits
conjugated peak C (asrepresented by theareaof each
peek) isgreater than unity. It isprobablethat the disso-
|ution productsformed during the anodic sweep have
tended to diffuseinto the bulk of the solution before
bei ng reduced on the negative-going sweep.

Addition of ClI-, Br and I ionsto the citric acid
solution enhancestheanodic dissolution of tin.

The potenti odyanamic pol arization curvefor tinin
dtricacidinthepresenceof polyethyleneglycol (PEG),,
(PEG), and (PEG). indicatesthat these polymersin-
hibit the acid dissolution of tin by adsorption at thetin/
acidsolutioninterface.

Theinhibition of these compoundsincreaseswith
their concentration aswd| asthe'r molecular weight and
therefore, the corrosion decrease in the order:
(PEG) ,>(PEG),>(PEG)...
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