Adsorption and thermodynamics study of Ferrtiis([1,10-phenanthroline iron(ll) sulphate comples]corrosion
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ABSTRACT

The inhibition effect of Ferroin solution [tris@Q-phenanthroline iron(ll) sulphate complex] aoeasion inhibitor was
analysed against mild steel (MS) corrosion in 01881 solution using weight loss method, linear piaiation,
electrochemical impedance spectroscopy, and sogueféctron microscopic studies. The weight losdystf MS
samples have proved that the reagent used wadieirrgfcorrosion inhibitor with inhibition efficiecy >90%. The mixed
mode of inhibition was confirmed by electrochemigalarizations and the results of electrochemicgdédance
spectroscopy have shown the changes in the impegmyameters like Rand G, in order to confirm the adsorption
phenomenon taking place on the MS surface. Théitndm action of the compound was assumed to ogieuadsorption
on the steel surface through the active centersepten the inhibitor. All the techniques studiedeg similar trends in
their results.
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1.INTRODUCTION

Mild steel is widely applied in buildings, pipedis, bridges, vehicles, storage tanks for industrégér and wastewater
systems and even in home appliances due to itsésivand remarkably excellent mechanical prope {iESplCIONNC

R RERSIECEIEINeEl . The convendl inhibitors used are organic compounds havatgroatoms (N,

S, O, P) in their aromatic or long carbon chainedcsures. Such compounds get adsorbed on the mfake, thereby
blocking its active sites and thus results in iithig the [EEOSIONMMEABEP . The adsorption ofresion inhibitors is
mainly due to the physico-chemical characters efitthibiting molecule like its functional groups$esc factors,
aromaticity, p orbital character of donating elens, = electron density at the donor ato fiSICYNGIENCIEEHE! S
which contribute to the formation of a protectiagdr, through donation of their electron densityamis the metal
surface [8-10],

The present study aims to investigate inhibitivepgrties of a reagent Ferroin solution for the asion of mild steel.

2.EXPERIMENTAL



2.1 Materials:

The aggressive solution 0.5 M HCI was preparediloyion of analytical grade HCI with double dis&tl water and alll
experiments were carried out in unstirred soluti@efore all measurements, the mild steel specinfensng
composition (wt %) 0.14C, 0.03Si, 0.032Mn, 0.0520@, 0.01Ni, 0.01Cu, 0.01Cr and balanced Fe, aleraded
successively with emery papers from 600 to 1200gra

The specimen were then washed thoroughly with aodistilled water, degreased with acetone andlfirtaled. After
drying, the specimen were placed in desiccatortaed used for experiment. The rectangular specimdhsdimension
1.0x 1.0 x 0.5 cm were used in weight loss experiments and surfaceostopy, and of size 1.0 cm x 1.0 cm (exposed)
were used for electrochemical measurements.

The inhibitor used is a reagent, Ferroin [trisQtphenanthroline iron(ll)sulphate complex] red
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coloured compound in its reduced form with molectdamula GgHo4sFENsO,4S.
2.2 GRAVIMETRIC ANALYSIS

For the weight loss method, the polished and dspetimens were weighed before and after immersi@x5 M HCI for
4 h in the absence and presence of the inhibitdiffarent temperatures (303K, 313K, 323K and 338i)each
concentration (200ppm, 400ppm, 800ppm and1000ppimednhibitor. Each experiment was reported iplthate to
calculate the inhibition efficiency of the inhibittaken.

2.3 POLARISATION MEASUREMENTS

The polarization measurements were performed attihge of temperatures in the absence and presémeeous
concentrations of the inhibitor as used in weiglssimethod. For the polarization measurementsyeeational three
electrode Pyrex glass cell consisting of a satdresdomel electrode (SCE) as reference electrbeéenild steel
specimen as working electrode and a platinum ®daunter electrode were used. All electrodes dgreed in the same
test solutions with a Luggin capillary bridge agament to minimize resistance polarization. Thes€eixpent was carried
out using the CHI760C electrochemical analyseriariermostatic controlled water baths at constamiperature
(x0.5K). The anodic and cathodic polarization valuere measured under galvanostatic conditionghend
corresponding Tafel lines were constructed thatides the data for calculating the corrosion rated efficiencies of the
inhibitors.

2.4 ELECTROCHEMICAL IMPEDENCE SPECTROSCOPY

EIS is a special and reliable laboratory techniguith the applicable software to determine sigaifit parameters like
the charge transfer resistance)lRate and double-layer capacitancg){11]. The AC impedance measurements were
carried out in the range of : x 10° -1.0 Hz with the AC signal 5 mV peak-to-peak. Haene cell and system as in the



polarization method was used. The double-layer dtgpae (G) and the charge transfer resistancg) (Rere calculated
from Nyquist plots.

2.5 SEM STUDIES

SEM studies were performed on the coupons immerstt acidic medium both in the absence and poesehFerroin
at 1000ppm concentration. The coupons were immdeogethr duration at 303K temperature. The coupsee
thoroughly polished using range of emery papershed and dried in acetone, similar to weight loggedment. After
the time duration coupons were rubbed to scaléheftorroded layer and then, again washed and.d8iell studies
were performed using Model Zeiss Ultra 55 at x5@@nification and 3kV.

3.RESULTS AND DISCUSSION
3.1 GRAVIMETRIC ANALYSIS

The inhibition efficiency of the inhibitor (Table.increases with its increasing concentrationhadcidic medium and
the decrease in efficiency is observed with thegasing range of temperature.
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Where, W is the weight loss in blank solution ireabsence of inhibitor (g), W is the weight loss in presence of the
inhibitor (g), D is the density of metal (g&in A is the exposed area of the metal{cand T is the exposure time in
(hn[12]. Fig. 1 shows the plot of corrosion ratenipy) against inhibitor concentration (ppm) for teerosion of mild
steel in 0.5M HCI in the range of increasing temapares from 303K to 333 K . The figure showed thatcorrosion rate,
calculated from eq. 2., decreases as the condemti@tthe inhibitor increases in addition to thereasing trend of
corrosion rate with increasing temperature.

3.2 POLARISATION MEASUREMENTS

To study the effect of Ferroin saaton the polarization behavior of MS and to amalthe inhibition action of
reagent on steel corrosion in 0.5 M HCI, polar@atturves for different concentrations of inhibitegre plotted. Fig.A.2
and Fig. A.3. presents polarization curves for rsilgel electrode in 0.5 M HCI, in the absence ardgnce of inhibitor
at different concentrations. The electrochemicahpeeters obtained from polarization measuremesettisied in Table
2. From the plot and the table, it is clear thahlmathodic and anodic reactions on mild-steeltedele have been
inhibited in the presence of the studied compouglgctrochemical corrosion parameters includingaion potential
(Econ), cathodic and anodic Tafel slop@s, 8,), and corrosion current densityf)), obtained by extrapolation of Tafel
lines, are given in Table A.2. The inhibition efincy (%), was calculated from the following equation. E¢13]

(ym: ICOIT_IOCOIT x 100 (3)

corr
Where, Loy and P are the values of corrosion current densitiesauttand with the inhibitor, respectively, which wer
determined by extrapolation of the cathodic anddamdafel curve. The E;; values from the polarization diagrams show
that the inhibitor behaves as a mixed type, witllswariations in the g, values of the blank specimens.

3.3 ELECTROCHEMICAL IMPEDENCE SPECTROSCOPY

The corrosion behavior of MS in 0.5 M HCI solutiornthe absence and presence of the reagent wastigted using
electrochemical impedance spectroscopy (EIS). Nsgqplots of MS in absence and presence of inhilsibdutions in
various concentrations of inhibitor are giverfiEICONGRICouNGICHHCICHIEemaEm). 't is observed,
the impedance response of MS in blank solutionifsogmtly changed after addition of inhibitor. Thkielues of inhibition
efficiency (%) were calculated by following the equation 4 [15]:
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Where, R, and Ry are the charge transfer resistar{SeIiOIl) caiues in the absence and presence of the inhsbit
respectively. To obtain the values of double-lagagracitance (&), the values of frequency at which the maximum
imaginary component of the impedarigg were found and were used in the following equatidth worresponding R
values [15]:

1
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Nyquist plots shows depressed semi-circles wittcdrger under the real axis, whose size increashdive increase in
concentration of the inhibitor, confirming that ttigarge transfer processes were mainly controthiegcorrosion of MS.
Table 3 reveals that the value of Rcreases prominently with the increase in thébitdr concentration, while the value
of Cy is decreased. This indicates an increase in ttiacgucoverage by adsorption of the inhibitor ca €S, which
results in the increase in inhibitor efficiency ahd maximum reaches up to 90%. The decrease iGqthelated to the
decrease in local dielectric constant or an in@é@ashe thickness of the electrical double lageggests that inhibitor
molecules function by adsorption at the interfateetal/solution [16] Hence the molecules repldeewater molecules
gradually by adsorbing at metal/solution interfdeading to the decrease in the extent of dissmiuteaction.

It is also significant that the inhibition efficieies obtained from weight loss measurements aferelift from
electrochemical experiments. This phenomenon atgibto the suggestion that weight loss experimgintsaverage
corrosion rates, whereas the electrochemical exgartis give instantaneous corrosion rates [15]. iBhise reason that
being different techniques, all show comparable daable.1, 2 and 3) with similar trends in theiliition efficiencies.
However, the inhibition efficiencies calculatedrfrd&lS measurements, potentiodynamic polarizatioasmements and
weight loss measurements are different but in tksgmce of Ferroin reagent it increases with irgingaconcentration
and decreases with increasing temperature. Ane shecelectrochemical data is instantaneous, ansidered as the
bases of adsorption calculations.

3.4 SCANNING ELECTRON MICROSCOPY

The surface morphology of the MS specimens immeirs€bM HCI in the presence and absence of theolesolution
at 1000ppm concentration were studied by usingrsngrelectron microscopy (SEM). The immersion tiofi¢he
electrodes for the SEM analysis was 4 hr at 303#ptrature. The SEM of the uninhibited sample &edrhibited
sample at 500 magnification are given in the Fig).Bnd Fig.5(b) respectively. These figures shanstirface of MS in
the respective mediums.

3.5 ADSORPTION ISOTHERMS

The results show that, the weight loss decreasstié increasing inhibitor concentration and thanes the inhibition
efficiency increases. It can be concluded thatitiighitor acts through adsorption on metal surfacd formation of a
barrier layer between metal and corrosive medi&. ddsorption isotherms can provide basic informadio the
interaction of inhibitor and metal surface. In artteobtain adsorption isotherm, the surface cayeraluest), for
different concentrations (C) of the inhibitor irb™ HCI solution have been obtained from electrocicairmeasurements
and tested graphically for fitting of a suitablesargption isotherm. To confirm the adsorption ofifritor on metal
surface, different adsorption isotherms were stliliee Langmuir ,Tempkin and Freundlich.



The plots of G versus C (Fig. 6 ) [17] yields a straight linewitorrelation coefficient (] >0.99, yielding that the
adsorption of the reagent obeys the Langmuir adisorgsotherm presented in Eq.6

C=_1 4¢ (6)

0 Kads

where, C is inhibitor concentratiofjs the degree of surface coverage, apdikthe equilibrium constant for
adsorption—desorption process. The value of théiledqum constant, K4 was calculated from the reciprocal of the
intercept of the isotherm line.

Kagsvalues can be calculated from the interceptsefbthaight lines, is related to the standard freergy of adsorption,
AG’,gswith following equation 7 and 8[18]:

AGOadS = —RTIn55.5 Kads (7)
AG®,4s = —2.303RT(log55.5K ,45) (8)

AG,4sWas calculated and found -17.46 kJhdhe negative value @fG°,4sindicates spontaneous adsorption of the
inhibitor molecules on the MS surface which shavtsraction between inhibitor molecules and metislaxe. The value
of AG%,is less than -40 kJmdlindicating electrostatic interaction between tharged inhibitor molecules and the
charged metal surface, i.e., physical adsorptio@]9 The negative values indicate the spontaraditiie adsorption
process and stability of the adsorbed layer on Mfase.

3.6 EFFECT OF TEMPERATURE

To calculate the activation parameters of the @wroprocess and to study the inhibition mechamamto the
temperature, polarization measurements were peefbiah 303K, 313K, 323K, 333K range of temperaturethe
absence and presence of the inhibitor concentsatiem Arrhenius plots were analysed.

The activation energy of the corrosion processatbel determined using the Arrhenius equation [21]:

Where, Lo iS corrosion current density, obtained by extrapoh of the Tafel lines of experiments carried au803K,
313K, 323K, 333K temperatures, 8 the activation energy, R is the gas constaig,tfie absolute temperature and k is
the pre-exponential factor. The values g€&n be calculated from the slopes of the straigbslin Fig.A.7(a) ,these
values show an increase in the activation enedfié®e various mediums studied. Thgv&lue for acidic medium in
absence of inhibitor changes from 66.80 kJ/mal&®7 kJ/mol with inhibitor, showing increase ie tinreshold energy
in presence of Ferroin in the acidic medium. Theaaent activation energy {gn the acid solution was found to increase
and the extent of the increase is proportionahéotémperature increase, indicating that the eneagyer for the
corrosion reaction increases with the temperailings increase shows the retardation of the corrmogiocess by
adsorption of inhibitor over the surface, thatdtually protected by Ferroin and hence, the foramatf activated
complex is retarded. Since the barrier to crossush higher the activated complex formation wowddéss, or say,
needs greater energy to transform into the comagioduct, and hence shows inhibition.

Activation parameters like enthalllilj and entropJll8l for the dissolution of MS in the acid medium fretabsence
and presence of various concentrations of Ferintisn was calculated from the equations. 10 Bh{R2].

—\HE ASH
logK = 2.303RT + 2.303R (10)
AG, 4 = AH_ 4, — TAS® (11)



Where, K represents slope from the langmuir isathét is the universal gas const. is the enthalpy of activation
and- is the entropy of activation. The plot of log kaagst 1/T Fig.7(b), gave straight line with sI(- /2.303 R
and intercepli8ll2.303 R from whicHEENGES values were calculated as 10.32 kJ/mol and -ImliK,
respectively . Generally, an exothermic processiiis either physisorption or chemisorption orcanbination of both.
Typically, the enthalpy of physisorption procestoiser than that of 40.00 kJ/mol while the enthatpghemisorptions
process approaches100 kJ/mol [23]. The entropy;tdmiaation- for the inhibition process is negative, indicaifieast
there is a decrease in randomness from reactatiie formation of activated complex [24].

3.7 MECHANISM of INHIBITION
The above observations and analysis show thanttibitior is adsorbed on mild steel. Four mechanikene been
suggested for the adsorption of inhibitor at theakeolution interface [25]. These are:

(i) electrostatic attraction between charged mdescand charged metal,
(ii) interaction of unshared electron pairs in thelecule with the metal,
(iii) interaction of n-electrons with the metal and

(iv) a combination of all of the above.

Ferroin, a red coloured compound in its reducethfdecolourizes in the acidic medium during théicexperimental
conditions. To explain this observation, it is extee that the Ferroin molecule undergoes dissociati the acidic
solution to give three protonated 1,10-Phenanthegi’then) moieties[26] as given in the reactionwelo

Fe(Pher§+ @gt 3H30+(aq) — Fe2+(aq) + 3PhenFl(aq) +3H,0 0)

Moreover , the hydration energy of£é@ns [27] present in outer Helmholtz plane (OHEj][as well as in bulk and
binding energy for Fé& ions and & are comparable [29] ,as the former ions are baaneater molecules through
oxygen in the hydration shell (Fig.8) [28] . Somiay be expected that the cleavage of the primgdyation sheath in
outer OHP as well as in bulk may take place becthesaumber of water molecules in the first hyanatisheath at the
transition state is less than in the ground skatggesting the dissociative mode of the activasiate[30].

Simultaneously, the dissociation of Ferroin aldetaplace freeing Beions . So , the possiblity to exchange of freetf Fe
ions from their dismantled hydrated sheath withghmilar ions coming from the dissociation of Bamrarises in the

acidic solution .The Phen moiety, in turn, beaestbn rich sites and a planar geometry. This pateed Phen, E&from

MS surface and Cions from HCI may bind together to form [Fe- Cietpnated Phen]. These species may get adsorbed
on the MS surface and hence hinder the corrosiactics. Towards higher concentrations, Ferroin gimereased

inhibition efficiency, shown in Tablel, may be #atited to the fact that on shifting from 200ppn1@D0ppm at intervals

of 200ppm of the inhibitor, there occurs a gradirdiancement in long range intermolecular intrastiofattractive
nature[31] and hence improves the extent of adsorpthe higher values of Fobtained at high concentrations also
justify this concept .This phenomenon is more reatiide at lower temperatures.

At higher temperatures, Table 2 showing graduatedese in the efficiency, can be explained on tlsisha eliminating
orientational forces of the inhibitor moleculeshdvated temperatures. The inhibitor with electioh centers, is
expected to behave as a polar molecule as well&imirface containing Eeions,water dipoles, so long range dipole-
dipole interaction may occur. Based upon the siagiscalculations of dipole —dipole (dd) interacts by Reinganum
[32] who proposed that on averaging all the origote of dipole molecules (for example, inhibitimplecules and free
Fe") the orientational interaction energy becomes.zero

(Ega) = 0

Where, bracket notation denotes an average oientations and E is the energy corresponding tgtbbability of the
dipole orientation obtained from Boltzmann factep@=". Also, without averaging, these orientational &r@pproach



zero at higher temperatures, implies that witheéasing temperatures, orientational forces becoswgligible,leaving
behind the only van der Waals forces.These vam\thals forces at elevated temperatures [32] cautirig towards
adsorption but to a lesser extent. Hence low efficy is observed at higher temperatures.

4. CONCLUSION
« The inhibition effect of Ferroin solution [tris@-phenanthroline iron(ll) sulphate complex] aoeaasion
inhibitor was analysed against mild steel (MSyasion in 0.5M HCI solution using weight loss medhbtnear
polarization, electrochemical impedance spectimgcand scanning electron microscopic studies. Tinied
compound is a good inhibitor of corrosion.
< The inhibition efficiency of the inhibitor increas®ith increase in its concentration and decreagtbsthe
increasing temperature.
e Adsorption study showed that the inhibition meckambbeys Langmuir adsorption isotherm.
e The Tafel plots of polarization have shown thatFleeroin solution acted as mixed type inhibitor.
* The results of the gravimetric analysis, electrogical polarizations, and EIS were in very good agrent.
*  Photographs by scanning electron microscopy (SEdg clearly shown the formation of a protective fon
the surface of mild steel.
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