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Abstract

The inhibition effect of methylene blue dye (MBDj) the corrosion of mild steel in 0.5 M sulphuriddasolution at
30°C was studied by weight loss, potentiodynamitafation and electrochemical impedance spectsd&lS)
methods. The results show that MBD is an exceilgmbitor even with very low concentration, and #msorption of
methylene blue dye (MBD) on the mild steel surfameeys Langmuir adsorption isotherm. Potentiodynamic
polarization curves reveal that MBD behaves as xeditype inhibitor. EIS spectra exhibit one capaeiioop and
confirm the inhibitive ability. Some thermodynamignctions of dissolution and adsorption processesewalso
determined. The obtained results indicated that M8Ehemically adsorbed on the steel surface.
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1. Introduction

Sulphuric acid is widely used in various industriesthe pickling of ferrous alloys and steels. Bese of
the aggressive nature of the acid medium, the itan#oare commonly used to reduce acid attack en th
substrate metal. Most of the reported corrosioibitdrs are organic compounds containing P, N, @ &rin
their structures [1-12].

However, the stability of the inhibitor film formexver the metal surface depends on some physicochkmi
properties of the molecule, related to its funatiogroups, aromaticity, the possible steric effeetsc-tronic
density of donors, type of the corrosive medium avadure of the interaction between the ibib with
the d-orbital vacant of iron [13-17]. In the otlimand, organic dyes have been reported as effexivesion
inhibitors of mild steel in acidic media [18- 20}. our previous work we have studied the synemistiect

of iodide ions in the performance of Methyl Redhaorrosion inhibitor of carbon steel in 0.5 M3, [21].
The present work is an extension of the earlierkvasrd study the influence on the corrosion inhooitof
mild steel in sulphuric acid solution, of methyldrae dye (MBD) which acts as a good inhibitor wstieel

in 1 M HCI [22] and 2M M HSQ, solutions [23].

Weight loss measurements and electrochemical tggbsi (impedance spectroscopy, potentiodynamic
polarization and polarisation resistance) wereiedrout to study the performance of MBD as a cdoros
inhibitor of carbon steel in 0.5M430,. Results are reported and discussed.
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2. Experimental

2.1. Materials and inhibitor
The mild steel strips used have a chemical comipasits follows (in %):

C Si S P Mn Fe
0.30-0.35 0.15-0.35| 0.035| 0.035 0.05-0.1 balance

The methylene dye blue (Merck) was used as receiffgglrel shows the molecular structures the
methylene dye blue (MBD). The acidic solution uses made of analytical grade 98%S4,. Appropriate
concentration of acid was prepared using doubleidis water.
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Figure 1. Molecular structure of MBD

2.2. Gravimetric measurements

The specimens for weight loss measurements wemar2y 10 mm by 1 mm. They were polished with
emery paper (from 400 to 1000 grade). Each run eaased out in a glass vessel containing 100 nil tes
solution. A clean weighed mild steel specimen wammetely immersed at an inclined position in the
vessel.

After 2 hour of immersion in 0.5 M 430, with and without addition of MBD at different cogrtrations, the
specimen was withdrawn, rinsed with distilled wateashed with acetone, dried and weighed using an
analytical balance accurate to 0.01 mg. The wdag® was used to calculate the corrosion rate llignams

per square centimeter per hour.

2.3. Electrochemical measurements

Disc electrode (0.5 charea) was prepared from the investigated mild.stée electrode was polished with
emery papers (from 400 to 1000), rinsed with déstiwater, degreased by acetone, washed thorougthly
bi-distilled water and dried at room temperaturee Eoncentration range of inhibitor employed wa$Bx

to 5x10°M. The studies were carried out potentiodynamicailya thermostated electrolytic cell. Platinum
disc was used as a counter-electrode (CE) ancueaad calomel electrode as a reference electi®GE)
The latter was connected through a Luggin's capilleo the cell. The working electrode (WE) was
immersed in a test solution for 2 h until a steatiyte open-circuit potential {&) was obtained. The
potentiodynamic current-potential curves were réedrby changing the electrode potential automdyical
from —700 to —300 mV with scanning rate of 0.5 mV wnder static conditions using the PGZ301
potentiostat-galvanostat (VoltaLab40-Radiometer). eékperiments were carried out in freshly prepared
solution at constant temperatures, 25°C, 30°C, 40f€C50°Ct 0.1 °C using a thermostat.

Electrochemical impedance spectroscopy (EIS) wasluced in an electrochemical measurement system
(VoltaLab40), which comprises a PGZ301 potentigstéapersonal computer, VoltaMaster 4 and Zview
software. The ac impedance measurements were pedoat corrosion potentials (g over a frequency
range of 10 kHz 20 mHz, with a signal amplitude perturbation of m¥. The data were plotted and
analyzed using software VoltaMaster 4, versionl# impedance parameters were calculated usingaeftw
Z-View, version 2.80, 2002, Scribner Associates Inc

The polarisation resistance measurements wererperfh) immediately after EIS on the same electrode

without any surface treatment, by applying a cdlgdopotential scan over a small range typicallg5 mvV
with respect to k.. The resulting current is linearly plotted verqaggential, the slope of this plot at.kE
being the polarisation resistancg)R

3. Results and discussion
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3.1. Weight loss measurements

The gravimetric measurements of mild steel in 0.5HMEQ, in the absence and presence of various
concentrations of MBD investigated were determiaéer 2 hour of immersion at 30°C. The inhibition
efficiency of the inhibitor for the corrosion of lahisteel was calculated as follows [15].

W _Vvinh

where W and W, are the uninhibited and the inhibited corroside reespectively.

Table 1 gives values of the corrosion rates andgogage inhibition efficiency calculated from theight
loss measurements for different concentrations &DM The mild steel corrosion rate decrease with
increasing concentration of inhibitors. At this pose, one observes that the optimum concentration o
inhibitor required to achieve the efficiency is fobto be % 10°M (P = 81.08%)).

Table 1.Corrosion rates and inhibition efficiencies of MBDdifferent concentrations in 0.5 M$&0O,

Conc. (M) W (mg/cnth) P (%)
Blank 0.74 | -
5x10% 0.23 68.92

7.5x10* 0.17 77.02
10° 0.16 78.38
2.5x10° 0.15 79.73
5x10° 0.14 81.08

3.2. Polarization curves

Both anodic and cathodic polarization curves odmsiieel in 0.5 M E50O, acid at various concentrations of

MBD are shown in Figure

2.

It can be seen from figure 2 that, in the preseasfcthe inhibitor, the curves are shifted to lowerrrent
regions, showing the inhibition tendency of MBD.eThalues of various electrochemical parameters are
summarized in table 2. The corrosion current dexssiwere estimated by Tafel extrapolation of thib@aic

curves to the open circuit corrosion potentials.

Inhibition efficiency was then calculated using &hression:

PY ="

0 .

~eor__—cort %1 00 (2)
ICOFI’
wherel?, .. is the corrosion current density in uninhibiteddaand!.. .. is the corrosion current density in
inhibited acid.
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Figure 2. Polarization curves of mild steel in 0.5 M$0, in the presence of different concentrations of
MBD at 30°C.
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Table 2 shows that an increase in inhibitor conedion is resulted in increased inhibition effiodgnlt is
evident from the results that thg,lvalues decrease considerably in the presence iifitmhand that the
maximum decrease inyk coincides with the optimum concentration of intobi The compound studied
performed excellently (95% inhibition efficiency 310° M) as inhibitor of the corrosion of mild steel in
0.5 M H;SQ,. Linear polarization technique was performed & Bl H,SO, with various concentrations of
MBD. The corresponding polarization resistancg) {Rlues of mild steel in the absence and in tlesgmce
of different inhibitor concentrations are also givie table 2. It is apparent thaj Rcreases with increasing
inhibitor concentration. The inhibition percentg@go) calculated from Rvalues are also presented in table
2. We remark that P% increases with increasingeatnation of inhibitor and attains 92% at1®° M.

The inhibition efficiencies of MBD obtained by patedynamic polarization and by polarization remnste
methods are in good agreement, particularly, dt bapcentrations.

For anodic polarization, it can be seen from Figh&, in the presence of MBD at high concentratjdwo
linear portions were observed. When the anodicrpiate increases, the anodic current increasesshipe
of by in the low polarization potential region. After pasy a certain potential [Ethe anodic current
increases rapidly and dissolves at a slope,pfnbthe high polarization region. This behavior vedieady
documented for iron in acid solutions [7, 24- 27].

The rapid increase of anodic current aftgmiay be due to desorption of MBD molecules adsodrethe
electrode. This means that the inhibition mode @Mdepends on electrode potential. In this case, th
observed inhibition phenomenon is generally deedribs corrosion inhibition of the interface asdecia
with the formation of a bidimensional layer of adsed inhibitor species at the electrode surfacé [48te
that the potential Eis also denoted Hn Bartos and Hackerman'’s paper [24]. Figure 2ashalso that, at
potentials higher than g, MBD affects the anodic reaction. This result gadés that MBD exhibits both
anodic and cathodic inhibition effect.

Table 2: Electrochemical parameters of mild steel in 0.31MO, in the absence and presence of different
concentrations of MBD at 30°C.

Conc. Ecorr VS sce Icorr Rp be (P)icorr (P)rp
(M) (mV) (mA/cm) (Q.cm?) (mV/dec® (%) (%)
Blank -498 1.96 17 158
5x10* -471 0.18 105 116 90.81 83.81
7,5x10" -471 0.14 112 112 92.85 84.82
10° -467 0.13 146 120 93.37 88.36
2,5x10° -450 0.11 181 96 94.38 90.60
5x10° -455 0.09 215 125 95.40 92.09

3.2. Electrochemical impedance spectroscopy (EIS)

Figure 3 shows the Nyquist diagrams for mild sieed.5 M H,SQ, at 30°C after immersion of 2 hours
containing various concentrations of MBD. The imgeck spectra exhibit one single depressed semaicircl
and the indicates that the charge transfer talkesemt electrode/solution interface, and the tearmfocess
controls corrosion reaction of steel and the presesf inhibitor does not change the mechanism el st
dissolution [29].

Also, these impedance diagrams are not perfectcgetas which are related to the frequency dispersis a
result of the roughness and inhomogeneous of elietsurface [30]. Furthermore, it is apparent, ftbese
plots that, the impedance response of mild steehinhibited HSO, solution has significantly changed after
addition of MBD in the corrosive solution; as aulgsreal axis intercept at high and low frequeadiethe
presence of inhibitor is bigger than that in theeaze of inhibitor (blank solution) and increasssttee
inhibitor concentration increases. This confirmattthe impedance of inhibited substrate increaststhe
concentration of MBD in 0.5 M Q..

The EIS results are simulated by the equivalemutishown in figure 4 to pure electric models tbatild
verify or rule out mechanistic models and enabke ¢hlculation of humerical values correspondinght®
physical and/or chemical properties of the elet¢temgical system under investigation [31].
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Figure 3. Nyquist plot of mild steel in aerated 0.5 M3, acid solution at different concentrations of MBD
after 2 hours.

Figure 4. Equivalent circuit used to fit the EIS data of dniiteel in 0.5 M 50O, without and with different
concentrations of MBD

The circuit employed allows the identification aftb solution resistancd{ and charge transfer resistance
(R). It is worth mentioning that the double layer @eifance Cy) value is affected by imperfections of the
surface, and that this effect is simulated via stamt phase element (CPE) [32]. The constant pklaseent

is composed of a componely and a coefficientn. The parameten quantifies different physical
phenomena like surface inhomogeneousness resfiltingsurface roughness, inhibitor adsorption, psrou
layer formation, etc. So the capacitance is dediroed the following relation [33]:

Ca =Qu x(2n‘ max)n_l )

wheref.x represents the frequency at which imaginary vadéaehes a maximum on the Nyquist plot. The
electrochemical parameters are summarized in Table
The inhibition efficiency is calculated by chargerisfer resistance as follows [34:

PY% = %RO x100 (4)

where R’ andR, are the charge transfer resistance values witiaditwith inhibitor for mild steel in acidic
media, respectively.

Table 3. EIS parameters for the corrosion of mild steeDif M H,SO, containing MBD at 30C after 2
hours of immersion

Conc. (M) Q(S'/Qcm?) n R, (Q.cm) Ca (UF/cm™) P (%)
Blank 12.0 xad 0.81 21.67 547
5x10* 3.80 x10' 0.76 101.05 158 82.22

7.5x10* 4.00 x10 0.79 110.70 174 83.77
10° 3.60 x10' 0.75 148.10 146 87.90
2.5x10° 1.99 x10' 0.90 180.05 137 90.06
5x10° 2.60 x10* 0.77 229 111 92.16
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As shown in Table 3 values increases prominently whilg reduces with the concentration of MBD. The
decrease i€y comparing with that in blank solution (without ibtor), which can result from a decrease in
local dielectric constant and/or an increase intkiiekness of the electrical double layer, suggdsas the
inhibitor molecules function by adsorption at thetal/solution interface [35]. P%ncreases with the
concentration of MBD, and the maximum P% reachesoup2.2%, which further confirm MBD exhibits
good inhibitive performance for mild steel in 0.5H4S0;.

Inhibition efficiencies obtained from potentiodynianpolarization curves and EIS are in good reaslynab
agreement.

3.4 . The adsorption isotherm
Assuming the increase of the inhibition is causgdhe adsorption of inhibitor on the CRS surfacd an
obeys Langmuir adsorption isothermal equation §80,38]

1
e ®
8 K
whereC is the concentration of inhibitoK the adsorptive equilibrium constant ahi$ the surface coverage
and calculated by the following equation [10, 38| 3

i =i
e: COI’I’iO corr )(100 (6)

corr
where i _is the corrosion current density in uninhibiteddaand i

inhibited acid.

Plotting Q6 versusc yields a straight line as shown in Figure 5. Thedir correlation coefficient) is
almost equal to 1r(= 0.9999) and the slope is very close to 1 (slode04), indicating the adsorption of
MBD on steel surface obeys Langmuir adsorptiorhisah. The adsorptive equilibrium constalk} yalue is
3.75 x 10 L/mol.

is the corrosion current density in

corr
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Figure 5. The relationship between@énd C in 0.5 M ESQ,.

It is related to the standard free enafggdsorption 4G,qs) as shown the following equation [11-12,
14]:

1 -AG
K= expf ads 7
555 PURT ) %

where R is the gas constant (8.314 J / K.mdl),the absolute temperature (K), the value 55.5 is the
concentration of water in solution expressed in3vi-88].

The 4G,y value calculated is -36.65 kJ/mol. The negativiies of 4G4y indicate that the adsorption of
inhibitor molecule onto steel surface is a sportaseyrocess. Generally, valuesAb,g up to -20 kJ/mol

are consistent with the electrostatic interactiaiwieen the charged molecules and the charged metal
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(physical adsorption) while those more negative ti# kJ/mol involve sharing or transfer of elengdrom
the inhibitor molecules to the metal surface tarfar co-ordinate type of bond (chemisorption) [1,, 23-41]

In the present study, the value 46,4 is about equal to -40 kd/mol; probably mean that adsorption
mechanism of the MBD on steel in 0.5 M3®, solution is mainly the chemisorption. Noticeahlyjs
generally accepted that physical adsorption isqueg stage of chemisorption of inhibitors on metaface
[42].

The adsorption process is affected by the cherstoattures of the inhibitors, the nature and chdugeface
of the metal and the distribution of charge over Whole inhibitor molecule. In general, owing tee th
complex nature of adsorption and inhibition of &egi inhibitor, it is impossible for single adsogstimode
between inhibitor and metal surface. In the presgstem, based on the chemical structure of MBDDVB
has many active sites for the adsorption processo/ling Xianghong Li at al [38], five types of adgtion
may take place in the inhibiting phenomena invaBT molecules on steel surface as follows:

« MBD can be classified as an electrolyte, namelg,diganic part (MBL) is the cation and the inorganic

part (Cl™) is the anion:
MBD — MBD*+CI”

Owing to neutral N atoms in MBDMBD" could further be protonated in the acid solutiofioiiswing:
MDB' + xH' <«— [MBK]*+2*

Thus, in aqueous acidic solutions, the BT existprasonated cations of MBDand [MBDHJ]**?"*. Since

chloride (CI™) and sulphate (S®) ions have a smaller degree of hydration, beirerifipally adsorbed,
they create an excess negative charge towardsliiéeoa and favour more adsorption of the catid@3® @3]
MBD" and [MBDH]**?* may adsorb on the negatively charged metal surfam®ely, i.e. there may be a
synergism between these ions and protonated MBD.

« It should be noted that the molecular structurd®D* and [MBDH]**?* remains unchanged with
respect to MBD, that is, the N and S atoms onitigremaining strongly blocked, MB@nd [MBDH]**?*
may be adsorbed on the metal surface via the cheptien mechanism, involving the displacement ofexra
molecules from the metal surface and the shariegtreins between the N atoms and iron [11] .

« Because MBD contains aromatic rings with severabnds, MBD and [MBDH]**?* molecules can be
also adsorbed on the metal surface on the bagi®mar-acceptor interactions betweeslectrons of the
heterocycles and vacant d-orbitals of Fe. The fangglecule area plays an important role in retaydhne
corrosion [10-12].

« MBD"and [MBDH]**?* may combine with freshly generated®Fmns on steel surface forming metal
inhibitor complexes:

Fe __, Fe+ 2e
MBD* + F¢* <—>»  [MBD— Fef"
[MBHJ*?* + Fé" [MBDH __ Fe[***

These complexes might adsorb onto steel surfadhdyan der Waals force to form a blocking bartier
keep mild steel from corrosion.
* A combination of the above.

3.4. Effect of temperature

To investigate the mechanism of inhibition and éedmine the activation energy of the corrosiorcess,
polarization curves of steel in 0.5 M,$0, were determined at various temperatures (303—-33B khe
absence and presence of 5¢Mof MBD.

Figure 6 presents the Arrhenius plots of the natagarithm of the current densitys 1/T, for 0.5 M solution
of sulphuric acid, without and with addition of MBB3traight lines with coefficients of correlatioo.q.)
high to 0.99 are obtained for the supporting etégtie and MMI.

The values of the slopes of these straight linesipp¢he calculation of the Arrhenius activatioreegy, E;,
according to :
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*

. E
logi... =—A—logA 8
g RT g (8)

corr

whereR is the universal gas constant and A is the Aiitiefactor.

= H,S0,05M
e MBD5x10°M

-2,
. (MA cm™)
o
1

log i,
KN
1

UT x10%K™)

Figure 6. Arrhenius plots of log.k, versus 1/T without an with 5xT™ of MBD

The calculated values (E*A are 52.54 kJ/mol (blank) and 42.73 kJ/mol (MBDheTvalue of k in the

presence of MBD is low as compared to the uninbibsystem. We remark that the addition of inhibitor
modified the values of £; this modification may be attributed to the charigeghe mechanism of the
corrosion process in the presence of adsorbediiohiimolecules [1, 44]. The lower value of the waation
energy of the process in an inhibitors presencenwdmmpared to that in its absence is attributedsto
chemisorption, while the opposite is the case phlsical adsorption [45, 46]. The lower value of
was attributed by Hoar and Holliday [4% a slow rate of inhibitor adsorption with a reaot closer
approach to equilibrium during the experiments reg higher temperature. But, Riggs and Hurd [48]
explained that the decrease in activation energyonbsion at higher levels of inhibition arisesrfr a shift

of the net corrosion reaction from that on the weced part on the metal surface to the covered Sciemid
and Huang [49found that organic molecules inhibit both the anaad cathodic partial reactions on the
electrode surface and a parallel reaction takesepten the covered area, but that the reactionamatthe
covered area is substantially less than on thevaned area.

4. Conclusion

The inhibiting effect of MBD increases with increasf inhibitor concentration. Its presence in tbiion
decreases the value of the apparent activatiolsiom energy. The adsorption of MBD on the stediase

in sulphuric acid obeys the Langmuir adsorptiortieom model and leads to the formation of a protect
film.

The analysis of the experimental data leads testiggestion of chemisorption of the inhibitor on thetal
surface. In fact, the apparent activation energghefcorrosion that is lower in presence of MBDnthaits
absence and the higher values of the free energdedbrption verify the chemisorptive character haf t
adsorption. The substance is adsorbed with thedattens forming donor—acceptor bonds between usgbair
electrons of the heteroatoms and the active ceotribe metal surface.
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