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Abstract

The inhibition effect of a new imidazolpyridine iglative namely 2,6-bis(2,5-dimethyl-2H-imidazol¥pyridine
(BDIP) on corrosion of mild steel in 1 M HCI wasidted at 308 K. Weight-loss measurements, potgmiadic
polarisation and impedance spectroscopy (EIS) nusthveere used. Results showed that BDIP was a guitor
and its inhibiting efficiency reaches 97,4% af 1. The values of the inhibition efficiency caldathfrom these
techniques are reasonably in good agreement. Psdion curves revealed that this organic compountec
predominately as a cathodic inhibitor. EIS measwgrta showed that the charge transfer resistanceeases with
the inhibitor concentration. The temperature effectthe corrosion behaviour of mild steel in 1 M IHGth and
without BDIP at 10° M was studied in the temperature range 308-353Heé associated activation energy was
determined. The adsorption of BDIP on the mildIstegface obeyed to the Langmuir's adsorption isothmodel.

Keywords: Corrosion; Mild steel; imidazolpyridinénhibition; Hydrochloric acid

INTRODUCTION

The corrosion of metals is a fundamental acadersiovall as an industrial concern which has receiged
considerable amount of attention [1]. Acid soluiare generally used for the removal of rust amdesin several
industrial processes. In particularity, HCI is widesed in the pickling of mild steel and ferrodl®ys. Inhibitors
are generally used in these processes to contri@l missolution [2]. ManyN-heterocyclic compounds with polar
groups and/or-electrons are efficient inhibitors of the corrasiof mild steel and iron in acidic media [3-6]. $hi
kind of organic molecules can adsorb on the metdhse because it can form bonds between\tetectron lone
pair and/or thet-electron cloud with the metal and thereby redu¢hegcorrosive attack on metals in acidic media
[2,3]. This behaviour is influenced by the natunel surface charge of metal, by the type of aggressiectrolyte
and by the chemical structure of inhibitors [7].idt well recognized that pyrazole [8-11], bipyrazdll2-17],
tripyrazole [18], triazole [19-25] and tetrazolé{29] derivative compounds are excellent inhibitofrsorrosion for
many metals and alloys in aggressive media.

The aim of this paper was to study the inhibitigian of a new imidazolyrazolic compound, namel§-Bis(2,5-
dimethyl-2H-imidazol-4-yl)pyridine and denoted hafter BDIP. The anticorrosion behaviour of mildedten HCI
medium in the absence and presence of BDIP inhiba&s been studied by gravimetric method and @elecemical
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techniques such as potentiodynamic polarisationmpedance spectroscopy (EIS). The thermodynamanpeters
of BDIP molecule adsorption onto mild steel weréedmined and the nature of inhibitor adsorptioncess was
also studied and discussed.

MATERIALS AND METHODS

2. EXPERIMENTAL PROCEDURE

2.1. Synthesis of the 2,6-bis(2,5-dimethyl-2H-irnadat-yl)pyridine compound

The organic compound BDIP under study was synthddisrough the reaction as shown in Scheme 1,igdirdind
characterized by infra-redH nuclear magnetic resonance (NMR) spectroscopihads and microanalysis before
use. BDIP was thereafter tested as corrosion itdnibif mild steel in hydrochloric solution. The reollar structure
of the newly studied inhibitor is shown in SchemeTthe choice of this compound is based on moleaitaicture
considerations; the presence of nitrogen atoms anthatic rings are likely to facilitate the adsaptof the
compound on the metal surface.

X
_ MeOH
N + NH,HO ———s AN
\
© 0 o 0 N—NH N-N

Scheme 1: Synthesis route and chemical formula dfi¢ new synthesized BDIP

2.2. Gravimetric measurements

The aggressive solution (1 M HCI) was prepared tytidn of analytical grade 37% HCI with double-tlied
water. Prior to all measurements, the mild stesigas (0.09% P; 0.38% Si; 0.01% Al; 0.05% Mn; 0.2C%®.05%
S and the remainder iron) were polished with déféremery paper up to 1200 grade, washed thorougtly
double-distilled water, degreased with AR gradeeth, acetone and dried at room temperature.

Gravimetric measurements were carried out in a kdowalled glass cell equipped with a thermostatiogo
condenser. The solution volume was 100 mL. The nmsigtel specimens used had a square form
(2 cm x 2 cm x 0.05 cm). The immersion time for Weight loss was 6 h at 308 K. After the corrosiest, the
specimens of mild steel were carefully washed inbde-distilled water, dried and then weighted. Degie
experiments were performed in each case and tha waae of the weight loss is reported. Weight lalbswed us
to calculate the mean corrosion rate as expressedjicm 2h™ .

2.3.Potentiodynamic polarisation measurements

Electrochemical measurements were carried outcimnaentional three-electrode electrolysis cylindriéyrex glass
cell. The working electrode (WE) in the form of sacut from mild steel has a geometric area ofni and is
embedded in polytetrafluoroethylene (PTFE). A satkd calomel electrode (SCE) and a disc platinusotedde
were used as reference and auxiliary electrodepeontively. The temperature was thermostaticallytrodled at
308 £ 1 K. The WE was abraded with silicon carljjdger up to grade 1200, degreased with ethanoheeitne,
and rinsed with double-distilled water before use.

The polarisation curves were recorded with a digiatentiostat type Voltalab PGZ 100 and controllsidh
analysis software (Voltamaster 4), at scan rate wiV s*. The mild steel electrode was maintained at ojrenit
conditions (corrosion potentidt.,,,) for 30 min and thereafter pre-polarized at -800 fior 10 min. After this scan,
the potential was swept to more positive valuesnafdic potentials.

2.4. EIS measurements

The electrochemical impedance spectroscopy (ElSsorements were performed using a transfer funetiadyser
(Voltalab PGZ 100), with a small amplitude a.c.nsig(10 mV rms) over a frequency domain from 10& kbl 10
mHz at 308 K with 5 points per decade. Computeggnms automatically controlled the measurementopaed

at rest potentials after 30 min of immersion &t,,. The impedance diagrams were given in the Nyquist
representation.
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RESULTS

3.1. Weight-loss tests

The corrosion rateVW,.,;) of mild steel in 1 M HCI at different concentiats of BDIP is determined after 6 h of
immersion at 308 K. The values of corrosion rated imhibition efficiencies are given in Table 1.€Tmhibition
efficiency Ew. %) is determined by the following relation (1):

EWL% - Wcorr _Wcorr/inh xloo (1)

corr

Weorr andWeorsinnare the corrosion rates of mild steel in the absemal the presence of BDIP organic compound,
respectively.

Table 1: Gravimetric results of mild steel withoutand with addition of BDIP at different concentrations at
308 K after 6 h of immersion in 1 M HCI solution

Concentration  Corrosion weight loss Ew.  Surface coverage

Inhibitor =7/ or Lt Weor / Mg cmi?h™t % ]

Blank 00 1,76 - 0

BDIP 10°© 0.68 61.4 0.6316
10°° 0.34 80.7 0.8304
5x 10° 0.18 89.8 0.9240
10 0.10 94.4 0.9708
5x 104 0.07 96.1 0.9883
10° 0.05 974 1

3.2. Polarisation measurements

Current potential characteristics resulting fronthodic polarisation curves of mild steel in molaClHat various
concentrations of the tested BDIP are evaluateglirBil shows typical cathodic Tafel plots of thelB&t different
concentrations.
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Figure 1: Cathodic and anodic plots of mild steeln 1 M HCI at different concentrations of BDIP

Table 2 collects the corrosion kinetic parametanshsasE.o, icor and . obtained from potentiodynamic
polarisation curves for mild steel in 1 M HCI caniag different concentrations of BDIP. In the caddhe steady-
state current-voltage (I-E) method determininglition efficiency €. %) is done by equation (2):

-0 _-
E, % = e leor 300 2)

corr
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I(?orr and i, are the corrosion current densities values withand with BDIP, respectively determined by the
extrapolation of cathodic Tafel lines to the cop@sding corrosion potential.

Table 2: Values of electrochemical parameters evadted from the cathodic current-voltage characterists
for the system electrode/1 M HCI with and without aded BDIP inhibitor at 308 K

Inhibitor  Concentration  Ecor | Be| i corr E.e
C/mol L* MVeee mVdec! pAcm? %

Blank 00 -450 208 144 -

BDIP 10° -447 206 70 52
10° -448 184 42 71
10* 450 152 20 87
10° -450 165 10 93

3.3. Electrochemical impedance spectroscopy (EEgsurements

The corrosion behaviour of mild steel in 1 M hydrlaeic acidic solution, in the absence and preseid@DIP, is
also investigated by the electrochemical impedapeetroscopy (EIS). Impedance diagrams are obtdorethe
frequency range 100 KHz—10 mHz at the open cifpoiéntial at 308 K after 30 min of immersionEag,,. Nyquist
diagrams for mild steel in 1 M HCI at different @@mtrations of BDIP are presented in Figure 2.
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Figure 2: Nyquist plots of mild steel in 1 M HCI cantaining different concentrations of BDIP

The impedance diagrams consist of one large capabitop and they are not perfect semicircles &mldifference
is generally attributed to the frequency disper$Ri.

The charge-transfer resistand®,) values are calculated from the difference in idgree at lower and higher
frequencies, as suggested by Tsurus et al. [31§. dduble-layer capacitance valu€y) are derived from the
frequency at which the imaginary component of thpedance is maximal Z" nay) @s given in the equation (3):

C, = 1 wherew, ., =2 f, ., 3)

max t

Table 3 collects the values of the charge-transfeistanceR;, the double-layer capacitancgy derived from
Nyquist plots and the corresponding inhibition @éncy. The inhibition efficiency derived from Eteasurements
(Eimp20) is defined as follows, equation (4):

o
E o95=Ra "Ry 100 @)

imp
t
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R.:andR°;are the charge transfer resistances with and witiheustudied BDIP inhibitor, respectively.

Table 3: EIS data of mild steel in 1 M HCI containng different concentrations of the studied BDIP infbitor

at 308 K
Inhibitor ~ Concentration  Rg Cal Eimp
C/ mol L* Qcn?  pFom® %
Blank 00 32 160 -
BDIP 10° 169 45 81
10° 195 33 84
10* 228 28 86
10° 479 11 94

3.4. Effect of temperature

Temperature has a great effect on the corrosionghenon. Generally the corrosion rate increasds thé rise of
temperature. For this purpose, weight-loss measemeswere made in the range of temperature from@353 K,

in the absence and presence of BDIP af¥0after 1 h of immersion. The corresponding datasirown in Table 4.

Table 4: Influence of temperature on the corrosiorrate of mild steel in the presence and absence &3 £ M of

BDIP

Temperature Corrosion weight loss without BDIP  Corrosion weight loss with 16 M of BDIP Ew
TIK W°eor / mg cmi2h™t Weor / Mg cni?h™ %

313 212 0.06 97.2
323 3.52 0.22 93.8
333 6.92 0.38 94.5
343 13.38 0.85 93.7
353 22.95 1.74 92.1

To calculate activation kinetic and thermodynamécagmeters of the corrosion reaction such as thegems, the
entropyAS* and the enthalpH* of activation, Arrhenius equation (5) and its aitive formula called transition
state equation (6) were used:

E
W, = Aexp—2 5
Pe RT) (5)
RT S* AH *
W, =——ex expE 6
corr N h p%) p( RT ) ( )

WhereT is the absolute temperature in Kelviis the universal gas constants Plank's constanly is Avogadro's
number.

The logarithm of the corrosion rate of mild st&&l,, can be represented as straight-lines as a funofighiT
(Arrhenius equation) in Figure 3. The activatiorergy could be determined from the slope of Arrherplots for
mild steel corrosion process. Plots oM /T) vs. 1T give a straight line with a slope aAH/R and an intercept of
(IN(RINh) + AS/R) as shown in Figure 4.
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Figure 3: Arrhenius plots for INnW,,, vs. 11T for mild steel in 1 M HCI at 10° M of BDIP
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Figure 4: The relation between In We/T) vs. 1 for mild steel at 10°M of BDIP

Table 5 exemplifies the activation parameters efrttetal dissolution in the absence and presenB®tH.

Table 5 The values of activation parameter&,, AH* and AS* for mild steel in 1 M HCl and added of 16 M

of BDIP
Concentration E, AH* AS*
mol L* kImol*  kJmol* JK'mol!
Blank 56 53.3 -69.8
10° 74.6 71.8 -38.3
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3.5. Adsorption isotherm
Several adsorption isotherms were assessed amhémigenuir adsorption isotherm was found to be thst be
description of the adsorption behaviour of the igtddnhibitor, which obeys to equation (7) [32]:
C 1 : 1 AG,
inh — +C,,,, with K_, = exp-——2%) )
7] K as 5555 RT

Cinn is the inhibitor concentratiory is the fraction of the surface coverdf,ys is the adsorption coefficient,

o

andAG, s the standard free energy of adsorption.

Figure 5 shows the dependence of the ratio of tihiase covered;,/0 as a function of the concentratid () of
BDIP. The degree of surface coverafjat different concentrations of the inhibitor inidic medium has been
evaluated from weight loss using the following etra(8) [33]:

WCOI’F (6 = 0) _WCOI’F (6)

8= (8)
WCOIT (9 = O) _Wcorr (9 = 1)

WhereW,,(8=0) andW,.,(8 are the values of corrosion weight loss after imgio@ in solution without and with
BDIP, respectively, ant(&=1) is the corrosion weight loss giving a maximum bition, obtained in our case at
10° M of BDIP. The values of the surface cover#gee given in Table 1.
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Figure 5: Langmuir isotherm adsorption model of BDIP on the surface of mild steel in 1 M HCI
DISCUSSION

Gravimetric measurements show that the corrositen dacreases in the presence of BDIP. Its inhibitigtion is
better expressed by the inhibition efficien&( %), which increases with inhibitor concentratidralfle 1) and
reaches the maximum value of 97, 4% at*I of BDIP.

The inhibition efficiency of the inhibitors depends many factors such as the number of adsorptitimeacentres
in the molecule and their charge density, molecsize, mode of adsorption, heat of hydrogenatiah fanmation
of metallic complex [34]. The higher inhibition Effency of BDIP may be explained by the presencaiwbgen
atoms,n-electrons of pyridine and imidazole rings and mjsh(electron donor groups by inductive effectherl
nitrogen atoms are the major adsorption centreausecof their interaction with the metal surface][3

The adsorption of BDIP on the metal surface camuoeither directly on the basis of donor—acceptéeractions
between ther-electrons of the ring and the vacant d-orbitalsndfl steel surface atoms or an interaction of nigja
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nitrogen compounds with already adsorbed groupsr@sosed in [36,37] and reflected in Scheme 2. Idiately
afterwards, as the corrosion reaction starts, @isrion may be surrounded by the two imidazolylagén atoms at
Fe—N (2) and Fe-N (4), as well as the nitrogen of the pyridine grédte—N (3) [38] as proposed in Scheme 3.

Fe

Scheme 2: Schematic representation of the mode ofScheme 3: Complex suggested to be formed on the
adsorption of BDIP onto the mild steel surface mild steel surface

From electrochemical polarisation measurementis dear from the results that the addition of BOd&uses a
decrease of the current density in the cathodiwelbas in the anodic branch. These results dematesthat the
hydrogen evolution reaction as well as the ironahdissolution is inhibited and that the inhibiti@fficiency
increases with inhibitor concentration. The additaf the inhibitor does not change the values ef ¢brrosion
potentialE.., which allowed that BDIP being of mixed type inh@i Thei.,, values of mild steel in the inhibited
solution are smaller than that for the inhibitogdrsolution (Table 2). The parallel cathodic Taleks obtained in
Fig. 1 indicate that the hydrogen evolution is\atibn-controlled. The cathodic Tafel slop@gs) Change when the
concentration increases which suggests that thected mechanism is affected by the presence ofBbB#P
inhibitor. In the anodic range, the polarisatiomvas of mild steel show that the addition of BDI€crkases the
current densities up to E = -300 mV potential; rafités potential, the inhibitor doesn't seem teefffthe polarization
curve, this result shows that the inhibitory actitapends on the potential.

From EIS measurements, the presence of BDIP iswgganied by the increase of the valudRgfin acidic solution
indicating that a charge transfer process mainhtrods the mild steel corrosion. We remark tRatincreases with
increasing the inhibitor concentration akgh,% increases to attain 94% at”f0M. The values of double-layer
capacitance are also brought down to the maximuenein the presence of the BDIP inhibitor and dleerease in
the values ofC follows the order similar to that obtained fgy;, in this study. The decrease@y, can be imputed
to the adsorption of the inhibitor on the metalface leading to the formation of film or complexaaidic solution
[39].

It is to be mentioned that the values of inhibitiefiiciency of the BDIP inhibitor obtained by elemthemical
impedance spectroscopy methods are in good agré@meifiollow the same trend with those obtainednfieE and
weight loss measurements.

The effect of temperature shows that the incredseooosion rateW,,, is more pronounced with the rise of
temperature for the blank solution than in the gnes of BDIP. We note that the efficiency of BDEy(%) very
slightly decrease when the temperature rises frad t® 353 K at 18 M of BDIP. Accordingly the inhibiting
efficiency is circa temperature independent at WDof BDIP inhibitor.

The presence of the BDIP inhibitor causes a chamgiee values of apparent activation energy. Wes rad$o that
the addition of the BDIP inhibitor at £aVl increases the value of the activation energymaned to the blank. This
phenomenon is often interpreted by physical ademrpteading to the formation of an adsorptive filof
electrostatic character [40]. Beside the fact thatinhibition phenomenon can be imputed to thegmee of empty
d-orbital in the Fe which led to an easier coortéinaond formation between the metal and inhibitthiese last
contain nitrogen atoms which are easily protonatedCl medium. Therefore, physical adsorption soapossible
via electrostatic interaction between a negativdigrged surface, which is provided with a spedificadsorbed
chloride anion on mild steel, and the positive geasf the BDIP inhibitor [41].

The positive values ofH" mean that the dissolution reaction is an endotleepmocess and the dissolution of mild
steel is difficult [42]. Practicallf, and4H* are the same order. This result enahiedo check the thermodynamic
relation of Gomma and Wahdan [43] betwé&grand4H* as shown in equation (9):

E,-AH* = RT 9)
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The calculated value of the difference is 2.6 kJ'hio the two solutions which is close to the expexial value of
RT, ca. 2.56 kJ mdiat 308 K. Also the entropgS* increases in the presence of BDIP than the noifiteld one.
The increase ofIS* in inhibited medium implies that the activationBBDIP in the rate-determining step represents
an association rather than dissociation step, mgaan increase in disordering taking place on nmpviom
reactants to activated complex [44].

Figure 6 illustrates the dependence of the fraatiioihe concentration and the surface cové&gdd as a function of
the concentration of the BDIP molecule. The obtdipt of the inhibitor is linear with a slope of02 close to
unity. The regression coefficient is= 0.99998. The intercept permits the calculatibrihe equilibrium constant
Kags Which is 318836 M* which leads to evaluat®G®,qs= — 42.76 kJ/mol. The negative valueAsB°,qs indicates
that the inhibitor is spontaneously adsorbed onntle¢al surface [40]. It is well known that the dioge values of
A,4G° of order of 20 kJ mdl or lower indicate a physisorption; while thoseoofler of 40 kJ mé! or higher are
associated with chemisorption [45]. It is suggeshed the adsorption mechanism of the investigatiithitor on the
mild steel surface in 1 M HCI solution involves afisorption. This is in fact possible in view of theesence of
unshared electron pairs in the organic compoundgaules and taking into consideration the behavafuFe as
electrons acceptor as its d-submonolayer is inceteplThe inhibitor studied may then be adsorbeddaiaor—
acceptor interactions between thelectrons of the aromatic systems and the unshalesirons pairs of theN
heteroatoms to form a bond with the vacant d drioitahe iron atom on the metal surface, which axta Lewis
acid, leading to the formation of a protective chsmrbed film.

CONCLUSION

The following main conclusions are drawn from thesent study:

1. The protection efficiency of the BDIP inhibitor ugrdstudy increases with the increase of the inhibit
concentration.

2. Polarisation measurements show that the BDIP actsmaixed type inhibitor from -800 mV to -300 m\hdathe
cathodic curves presented in the Tafel lines irtditlaat the hydrogen evolution reaction at the hrseteface occurs
through a pure mechanism of activation.

3. BDIP adsorbs on the mild steel surface accordirtged_angmuir isotherm adsorption.

4. The weight loss, electrochemical impedance spextmsand polarisation curves were in good agreement

5. It is observed that the inhibiting efficiency remaalmost constant at so higher values even at highe
temperatures in the presence of M BDIP which implies chemisorption. In contrastethigher value of activation
energy of the dissolution process compared to thathe free inhibitor solution implies physisorptioThe
calculated standard free Gibbs energy corresponttingDIP adsorption process of less than - 40 kJni®
favorable of chemisorption.

It remains not evident to attribute bluntly eitlblemisorption or physisorption mechanism for thelistd inhibitor.
The authors believe that the studied inhibitor dsabed by mixed mode (physisorption and chemigorgioth
involved to some extent) onto the mild steel swefac
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