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ABSTRACT

The effect of 2-methylacridin-9(10H)-one (MAO) tbe corrosion of carbon steel in aqueous solutiorl® M
hydrochloric acid was investigated at different BOBy weight loss, electrochemical techniques drebrtetical
guantum chemical calculations data indicated thagitt inhibition effect are closely related toydso. ELumos
hardness, dipole moment and charge densities. &bglts obtained showed that MAO could serve asffective
inhibitor for the corrosion of carbon steel in hyahloric acid media. The results indicated thatiacrease in the
inhibitor concentration leads to an increase infbtite charge-transfer resistance.Rind inhibition efficiency (IE)
and to a decrease of the corrosion current den@ify,). The inhibitive mechanism was discussed assuthiag
adsorption of MAO on the electrode surface. Thécakfitting of different isotherms, Langmuir, FleHuggins,
and the kinetic-thermodynamic models, were testethrify the nature of adsorption.

Keywords. Acid inhibitor, Carbon steel, EIS, Polarization,atum chemical calculations.

INTRODUCTION

Mild steel as an important construction materiagxensively used in all kinds of industry and osfon of mild
steel known to occur especially in acid environm&rah as cleaning, pickling, oil well acidificatiamd descaling
processes [1-5]. It is a major task to control thigd steel corrosion for both corrosion scientisid amaterial
technologist. Several methods are employed to ptewdd steel from corrosion but addition of inhiris has been
known to be the most effective method for its pcattapplication [6-9]. A large number of studidsoat various
types of organic inhibitors have been previouslyoréed [10-30]. Organic molecules can form a barttieough
adsorption on the metal surface to reduce the smmoof metal in acidic solution [31,32]. So mostefficient
inhibitors are organic compounds in their strucsurentaining heteroatoms (such as, N, S, P ancb@gtihg lone
pair electrons, unsaturated bonds (such as dowlniésh or triple bonds), and plane conjugated sysiaoiuding all
kinds of aromatic cycles [33-38]. It has been obseé that the adsorption depends mainly on thetreleic and
structural properties of the inhibitor molecule s functional groups, steric factors, aromatja@fgctron density
on donor atoms and [Jorbital character of donating electrons [39-41]eTgeometry of the inhibitor in its ground
state, as well as the nature of their moleculaitaldy HOMO (highest occupied molecular orbitalJdanUMO
(lowest unoccupied molecular orbital) are involviedthe properties of inhibitors activity. Quanturheenistry
calculations have been widely used to study theti@ma mechanisms and to interpret the experimergallts
[42,43]. The structure and electronic parameters loa obtained by means of theoretical calculatisimmgithe
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computational methodologies of quantum chemist4,48]. Quantum Chemical calculations have become an
effective method to study the correlation of thdenalar structure and its inhibition properties 8.

In continuation of work on the acid corrosion irtdlps, 2-methylacridin-9(10H)-one (MAO) was used @&s
corrosion inhibitor for carbon steel in 1.0 M HGblgtion. The investigation is performed using weidbss
measurements, electrochemical methods and eleetrachl impedance spectroscopy (EIS) measuremenhis. T
work will extend to find a correlation between tinéibition efficiency and the electronic propertiglsthe studied
molecules. The chemical structure of the studiedMerivative is given in Fig 1.
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Figure 1. The chemical structure of the studied acridin derivative compound.
MATERIALSAND METHODS

Materials

The steel used in this study is a carbon steel (E8)onorm: C35E carbon steel and US specificat®hE 1035)
with a chemical composition (in wt%) of 0.370 %0230 % Si, 0.680 % Mn, 0.016 % S, 0.077 % Cr, DT,
0.059 % Ni, 0.009 % Co, 0.160 % Cu and the remaimda (Fe).

Solutions

The aggressive solutions of 1.0 M HCI were prepdmedilution of analytical grade 37% HCI with did water.
The organic compound tested is 2-methylacridin-Bij26ne (MAO). The concentration range of this connme
was 10° to 10° M.

Weight loss measur ements

Coupons were cut into 2 x 2 x 0.08 mimensions are used for weight loss measureméhier to all
measurements, the exposed area was mechanicadiggembwith 180, 320, 800, 1200 grades of emery gafére
specimens were washed thoroughly with bidistilledter, degreased and dried with ethanol. Gravimetric
measurements are carried out in a double wallessgiall equipped with a thermostated cooling coseenThe
solution volume is 50 mL. The immersion time for thveight loss is 6 h at 308 K. In order to get good
reproducibility, parallel triplicate experiments ngeperformed and the average weight loss valudrefet parallel
carbon steel sheets was obtained. The corrosierjatvas calculated by the following equation:

w

=— 1
v St 1)

Whereo was the corrosion rate in (mg émi), w is the average weight loss of three parallel cariterl sheets
(mg), Swas the total area of one carbon steel sheed) (@mdt was immersion time (h).

With the calculated corrosion rate, the inhibitefficiency ¢w_ %) was obtained as the following equation:

U,—U

Uy

N %= x100 ®)

Whereo, ando are the values of corrosion rate without and wiffecent concentration of inhibitor, respectively.

Polarization measurements

Electrochemical impedance spectr oscopy

The electrochemical measurements were carried g Volta lab (Tacussel- Radiometer PGZ 100) paistate
and controlled by Tacussel corrosion analysis sowmodel (Voltamaster 4) at under static conditibhe
corrosion cell used had three electrodes. The erfer electrode was a saturated calomel electro@G&)(SA
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platinum electrode was used as auxiliary electfdgurface area of 0.094 énThe working electrode was carbon
steel. All potentials given in this study were redel to this reference electrode. The working etetd was
immersed in test solution for 30 minutes to a disthlsteady state open circuit potentiab¢p). After measuring the
Eocp, the electrochemical measurements were pertbrAleelectrochemical tests have been performeddrated
solutions at 308 K. The EIS experiments were cotetlin the frequency range with high limit of 10BZand
different low limit 0.1 Hz at open circuit poteali with 10 points per decade, at the rest poterafter 30 min of
acid immersion, by applying 10 mV ac voltage peadp¢ak. Nyquist plots were made from these experisnd he
best semicircle can be fit through the data pdimthie Nyquist plot using a non-linear least squdrso as to give
the intersections with theaxis.

The inhibition efficiency of the inhibitor was calated from the charge transfer resistance valssguthe
following equation [48]:

,72% - Rt(inh) - Rt %100 3)

t(inh)
whereR; andR; gnnywere the values of polarization resistance in theeace and presence of inhibitor, respectively.

Potentiodynamic polarization

The electrochemical behaviour of carbon steel sanmpinhibited and uninhibited solution was studigdrecording
anodic and cathodic potentiodynamic polarizatiorves. Measurements were performed in the 1.0 M $dQltion
containing different concentrations of the testelihitor by changing the electrode potential autbecadly from -
800 to -200 mV versus corrosion potential at a seae of 1 mV &. The linear Tafel segments of anodic and
cathodic curves were extrapolated to corrosion rii@leto obtain corrosion current densitidg,f). From the
polarization curves obtained, the corrosion curgpt) was calculated by curve fitting using the equatio

- {exp(z.smzj_ ex{ 2.33EH @
o :Ba IBC

The inhibition efficiency was evaluated from theawered ., values using the relationship:

”Tafel% = I corr o_ I corr X 100 (5)

corr

where,|”and|' are the corrosion current density in absence aeskepce of inhibitor, respectively.

* " corr corr

Computational details

Density functional theory (DFT) calculations wergrged out using the Becke three-parameter nonlexethange
functional [49] with the nonlocal correlation of et al. [50] and Miehlich et al. [51], togethertlwthe standard
double-zeta plus polarization 6-31G(d,p) basigS2f implemented in the GAUSSIAN 03 program packé§se].
Following the standard nomenclature the calculatidih be referred to as B3LYP/6-31G*. The geometrdythis
compound under investigation was determined byntptng all geometrical variables without any symmet
constraints.

According to DFT-Koopmans’ theorem [54-56], theization potential | can be approximated as the tiegaf the
highest occupied molecular orbital (HOMO) energy,

I = -Enomo (6)

The negative of the lowest unoccupied moleculaitalrlLUMO) energy is similarly related to the efean affinity
Al
A =-Eumo (1)

The obtained values of | and A were considerecdttercalculation [57] of the electronegativityand the global

hardness) in each of the tested molecule using the followiglgtions:
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I+ A 8)

n = )

During the interaction of the inhibitor moleculetiwibulk metal, electrons flow from the lower electegativity
molecule to the higher electronegativity metal lutite chemical potential becomes equalized. Thetim of the
transferred electromN, was estimated according to Pearson [57]

— XFe _)(inh
AN = —ZFe Ainh (10)
2(’7Fe +,7inh)

where a theoretical value for the electronegatiwityulk iron was used, (Fe) = 7 eV, and a global hardnesaof
(Fe) = 0 was used [58].

RESULTSAND DISCUSSION

Electrchemical | mpedance Spectroscopy (EIS)

Fig. 2 shows the Nyquist plots of carbon steelhat ¢orrosion potentials in 1.0 M HCI solution wakdition of
different concentration of MAO. The characteristit a single semicircle shows the existence of singiarge
transfer process during carbon steel dissolutiorchvis unaffected by MAO molecules. The slightlypdessed
capacitive loop which has the center below the ig-&xthe representation for solid electrodes dmedftequency
dispersion has been ascribed to the inhomogengtig® solid electrode [59, 60]. The solution resise (R), the
charge transfer resistanceJRthe interfacial double layer capacitancg)@alues derived from these plots and the
calculated inhibition efficiencyn(%) according to equation (3) are given in Table 1.

Table 1. Electrochemical impedance parametersand inhibition efficiency for carbon steel in 1.0 M HCI solution with MAO at 308K .

Rt fmax Cdl

Nz
?nff)n ’ (F:icne) (@cnf) (Hz) (uFien?) (%)

Blank 1.0 1.67 31.04 63.3480.99 -

10° 1.30 533.70 12.5023.85 94.2
10*  1.36 367.89 15.8227.34 91.6
10° 145 190.25 20.0041.82 83.7
10°  1.60 153.26  25.0041.53 79.7

MAO

For corrosion reactions which are strictly chamgasfer controlled, impedance behaviour can beaingd with the
help of a simple and commonly used equivalent dinwhich composed of a double layer capacitanceaid R.
The resistor Ris in series to the double layer capacitance apeviRle double layer capacitance is parallel ta R
The double layer capacity is in parallel with thepedance due to the charge transfer reaction.typésof circuit
has been used previously to model the iron-acierfiate [61, 62]. The constant phase element, CPiafroduced
in the circuit instead of a pure double layer cipace to give more accurate fit as shown in thge 8i[63].

It is clear that the addition of MAO increases viague of R, from the value of 31.02 cn? (blank) to 533.72 cn?

(1.0 mM MAO) and this in turn leads to an incresthe inhibition efficiency from 79.74% to 94.2000->-10°M

MAO). On the other hand, the addition of MAO lowéhne G, value from 41.53 to 23.85F cm?. Decrease in &

which is due to a decrease in local dielectric tamsand/or an increase in the thickness of thetrédal double
layer, suggests that the MAO function by adsorpéibthe carbon steel-solution interface [64].
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Figure 2. Nyquist plotsfor carbon steel in 1.0 M HCI solution in presence of various concentrations of MAO at 308K.
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Figure 3. The equivalent circuit.

Potentiodynamic polarization curves

Fig. 4 show potentiodynamic polarization curvesdarbon steel in 1.0 M HCI solutions without andhaiarious
concentrations of this compound. The electrocheinkiteetic parameters, i.e., corrosion current déesi( o),
corrosion potentialH..,) and cathodic Tafel slopgJ are presented in Table 2. The inhibition efficigifrare) Of
the used extract in 1.0 M HCl is also given in Babl

E.or Values slightly shifted toward both positive andaiéve direction in the presence of different corications of
acridin derivative in 1.0 M HCI. If the shift of &, values in the presence of corrosion inhibitor isager than
85 mV, the compound is an inhibitor of anodic tygoed vice versa, i. e. if the shift is lower than 8%, the
inhibitor belongs to the cathodic type [65]. Theref compound evaluated as corrosion inhibitor ssially
classified as mixed type inhibitor. However, itciearly observed from Fig.4 that the inhibitor reds the anodic
and cathodic current densities, indicating thebiituin effects of this compound. Cathodic polati@a curves also
show parallel lines with the inhibitor concentratiwith respect to the polarization curve of thenklalhis behavior
in the cathodic process, suggests that the addifitiee corrosion inhibitor in the corrosive medidimes not modify
the mechanism of reduction of protons, and thatrélaetion is only controlled by the activation enerThis also
suggests that once the inhibitor compound is a@sbdn the metal surface, it blocks off the actisi#ss. Under
these circumstances, the available metal surfa®® fdr free H ions is reduced, while the reaction mechanism is
not affected [66, 67].

In addition, from Table 2, the slope of the catleotiafel lines §.) are observed to slightly change by the additibn o
the inhibitor, the small change may be due to serfalockage by MAO. The data in Table 2 apparesitigwed
that, the corrosion current densities decreasetl witreasing the inhibitor concentrations and thhikition
efficiencies increased.
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Figure 4. Polarisation curves of carbon steel in 1.0 M HCI for various concentrations of MAO.

Table 2. Polarisation data of carbon steel in 1.0 M HCI without and with addition of inhibitor at 308 K.

. Conc -Ecor 'ﬁc lcorr Nrafel
Inhibitor /™ (mV/SCE) (mVidec) (A cm?) (%)
Blank 1.0 4759 1756  1077.8 -
10° 4731 1828 4810 956
vao  10° 5481 153.4 1066  90.1
10° 510.1 1504 1766  83.6
10° 508.1 164.6 2194  79.6
| |
0.20
0164 1
e
N
£ 0.2
[@)]
e u
N—r
> 0.08
0.04] .
T T T T T T T T
0.0000 0.0003 0.0006 0.0009
-1,
Con (mol L7)

Figure 5. Relationship between corrosion rate (v) and concentration of MAO in 1.0 M HCI solutionsat 308 K.

Weight losstests
The weight loss method of monitoring corrosion rated inhibition efficiency is useful owing to itsnyple

application and good reliability [68-69]. Fig. 5asits the corrosion rate) values of carbon steel in 1.0 M HCI
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solutions without and with different concentratiafsMAO at 308K. In acidic media, it is obvious tithe MAO
effectively inhibits the corrosion rate of carbdeesd in HCI media. Corrosion ratedecreases noticeably with an
increase in MAO concentration.

At the maxium concentration of M MAO, the corrosion rate value from 0.041 mgcht is decreased to 0.212
cm? h'in 1.0 M HCI solutions. This behavior is due te flact that the adsorption amount and coveragehitbitor
on carbon steel surface increase with the inhilgitorcentration [70].

The variation in inhibition efficiency with conceation of MAO obtained from weight loss measurenan308 K
is shown in Fig.6. From Fig.6, it is clear thg % increases with an increase in concentration amhibits the
opposite variation compared to corrosion rate ihM.HCI solutions. The increase in inhibition effincy is due to
the increase in the number of MAO adsorbed on #énban steel surface at higher concentrations, afothie active
sites of the metal are protected by MAO moleculBse maximumsnw % value is 96.2% 0.5 M at TOM
concentration which indicates that MAO is a verpgdnhibitor for carbon steel in HCI and solutions.

96 =
92
[ ]
X 88+
S
[y
gad T
80{ =
T T T T T T T T
0.0000 0.0003 0.0006 0.0009
-1
C,,, (molL")

Figure 6. Relationship between inhibition efficiency (yw %) obtained from weight loss measurements and concentration of MAO in 1.0
M HCI solutions at 308K .

Application of adsor ption isotherms
Basic information on the interaction between intsiband steel surface can be provided by adsorpaherm. The

degree of surface coveradh 6f the metal surface by an adsorbed inhibitoranole is calculated from impedance
measurements using the equation:

g=- (11)

The Langmuir isotherm is given by [71]:
[6/(1-6)]=KC (12)

where Kis the binding constant representing the interactd the additives with metal surface andithe
concentration of the additives.

Flory-Huggins isotherm is given by [72, 73]:
61| x(1-6)" |=KC (13)
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where x is the size parameter and is a measuteafumber of adsorbed water molecules substituteddiven
inhibitor molecule.

and the kinetic-thermodynamic model is given byj{74
Ln[6/(1-6)]=LnK + yLnC (14)
wherey is the number of inhibitor molecules occupying ative site. The binding constant K is given by

K =K (15)

Figures (7-9) show the application of the abovetinerd models to fit the corrosion data of the fiiti.

254

154

0/(16)

104 u

T T T T T T T T
0.0000 0.0003 0.0006 0.0009
C (mol LY

Figure 7. Linear squarefit of weight loss data to Langmuir isotherm.

144
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Figure8. Linear squar efit of weight loss data to Flory Hugginsisotherm.
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Figure9. Linear squarefit of weight loss data to Kinetic-Ther modynamic model.

The parameters obtained from these Figures aregiv@able 3. The parameters reveal that Langnsoitherm is
applicable to fit the corrosion data of MAO indicat an ideal behavior in the adsorption processeshe steel
surface [75]. The value of the size paramatedicates that the adsorbed species of MAO coudgldce four water
molecules from the steel surface. The number @v@asites occupied by a single inhibitor moleculsy, are nearly
equal to the size parameter x. The 1/y value indg#hat the adsorbed molecules cover four actveers. The
binding constant values (K) show a fairly good agnent between Langmuir and Flory-Huggins isotheutnniot

with the Kinetic thermodynamic model.

Table 3. Linear fitting parameter s of Langmuir, Flory-Huggins and Kinetic-thermodynamic model for MAO at 308K .

Langmuir Flory Huggins Kinetic-Thermodynamic

K ° X K ° 1ly K °
Ac;ads Ac;ads Ac;ads
(kJ/mo) (kJ/mo) (kJ/mo)
19823.26| -35.62 3.834y 20503}7 -35.71 3.7652 1(®BAE8| -57.64

The values of the Gibbs free energy of adsorptiﬁﬁivgds) calculated from the equation [76]:

AG., =-RTLr55.5K,) (16)

where R is gas constant and T is absolute temperaifi experiment and the constant value of 55.%hés
concentration of water in solution in mof'L

The negative values cﬂsG;ds calculated from Eq. (16), are consistent with thersaneity of the adsorption process

and the stability of the adsorbed layer on the madteel surface. Generally, valuesd6,, up to -20 kJ mot are

consistent with physisorption, while those aroud@ kJ mof' or higher are associated with chemisorption as a
result of the sharing or transfer of electrons fremanic molecules to the metal surface to fornoardinate bond

[77]. The calculatedAG;dSvalues with Langmuir and Flory-Huggins show, theref that the adsorption

mechanism of this compound on steel involves bethtypes of interaction. Indeed, due to the stradgorption of
water molecules on the surface of carbon steel,mag assume that adsorption occurs first due topthesical
force. The removal of water molecules from the atefis accompanied by chemical interaction betvieermetal

o

surface and adsorbate, and that turns to chemigospfi78]. In sum, the large negative valuesdB, ;. reveal that

the adsorption process takes place spontaneoudlyh@nadsorbed layer on the surface of carbon segilghly
stable [79].
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Quantum chemical calculations

Recently, theoretical prediction of the efficienafycorrosion inhibitors using quantum chemical oitions has
become very popular in parallel with the prograsscomputational hardware and the development adfieffit
algorithms [10,32]. All quantum DFT calculated pasters were obtained after geometric study by dpéition of
the structure of each studied compound VfRT/B3LYP/6-31G*(d) methodrhe obtained optimized structure of
the studied compound is shown in Fig. 10.

Figure 10. Optimized structure of MAO obtained by B3LYP/6-31G* level
In Fig. 11, we have presentéuke frontier molecule orbital density distributionfsthe studied compound. Analysis
of Fig. 11 shows that the distribution of two enesgHOMO and LUMO, we can see that the electrorsitienf the
HOMO and LUMO location was distributed almost of #ntire molecule.

HOMO LUMO

Figure 11. Schematic representation of HOMO and L UM O molecular orbital of studied molecules.

Table4. Molecular properties of MAO obtained from the optimized structure using DFT at the B3L YP/6-31G .

Pramaters MAO
Erovo &) -5.5167
E uvo &) -1.4647
AE gap (ev) 4.052
M (debye) 4.8438
| =-E, om0 V) 5.5167
A= - E o @) 1.4647
I+ A
X= (eVv) 3.4907
2
n= (eVv) 2.0260
2
1
o= = 0.493583
n
_ Xee = X
AN =—2Fe Zih 0.86606614
2(’7 Fe +,7 inh)
TE (eV) -18228.04514
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According to the frontier molecular orbital theoffiyMO) of chemical reactivity, transition of eleatrdgs due to
interaction between highest occupied moleculartakiHOMO) and lowest unoccupied molecular orbfta/MO)
of reacting species [80].6mo is a quantum chemical parameter which is oftero@ated with the electron
donating ability of the molecule. High value ofdso is likely to a tendency of the molecule to donalectrons to
appropriate acceptor molecule of low empty moleculbital energy [81]. The inhibitor does not ordgnate
electron to the unoccupied d orbital of the metal but can also accept electron from the d-orlmfathe metal
leading to the formation of a feedback bond. Thghést value of fomo -5.5167 eV of the studiedompound
indicates the better inhibition efficiency. On tb#her hand, it has also been found that an inhilsitees not only
donate an electron to the unoccupied d orbitahefrhetal ion but can also accept electrons frond thebital of the
metal leading to the formation of a feedback boFierefore, the tendency for the formation of a btk bond
would depend on the value of Jgo. The lower value of the [gyo = -1.4647 eV indicates the easier of the
acceptance of electrons from the d orbital of tretain[82,83]. The band gap enerdyE = B umo - EHomo iS an
important parameter as a function of reactivityha inhibitor molecule towards the adsorption ortaitie surface.
As AE decreases, the reactivity of the molecule in@gdsading to increase the inhibition efficiency thé
molecule. The calculations indicate that our stadigolecule has a small value of gap energy (4.062which
means the highest reactivity and accordingly thghdst inhibition efficiency which agrees well withe
experimental observations. Absolute hardness aftthess are important properties to measure theeeutr
stability and reactivity. It is apparent that tHeemical hardness fundamentally signifies the rasts towards the
deformation or polarization of the electron cloufitiee atoms, ions or molecules under small pertishaof
chemical reaction. A hard molecule has a largeg@ngap and a soft molecule has a small energy 8&p In our
present work the studied molecule has low hardwals® 2.0260 (eV) and a highest value of softné€s4939

The most widely used quantity to describe the [itglés the dipole moment of the molecule [85]. Digpanoment is
the measure of polarity of a polar covalent bohds tlefined as the product of charge on the atamasthe distance
between the two bonded atoms. The total dipole nmbnie@wever, reflects only the global polarity ofrelecule.
For a complete molecule the total molecular dipnlement may be approximated as the vector sum ofichdhl
bond dipole moments. The dipole momentir{ Debye) is another important electronic paramttat results from
non uniform distribution of charges on the variamtems in the molecule. The high value of dipole raotn
probably increases the adsorption between chemicapound and metal surface [86]. In our study,vilee of the
dipole moment is 4.843 debye.

The total energy calculated by quantum chemicahou is equal to -18228.04514 eV. Hohenberg anchK8H]
proved that the total energy of a system includingt of the many body effects of electrons (excleangd
correlation) in the presence of static externakptial (for example, the atomic nuclei) is a uniduectional of the
charge density. The minimum value of the total gpdunctional is the ground state energy of thetesys The
electronic charge density which yields this minimignthen the exact single particle ground stategne

CONCLUSION

v MAO could acts as an effective corrosion inhibfimrthe hydrochloric acid corrosion of steel.

v MAQO is classified as a mixed-type inhibitor.

v' Data obtained from ac impedance technique shoveguéncy distribution and therefore a modelling &sm
with frequency dispersion behaviour, a constanspleement (CPE) has been used.

v Application of different isotherms indicated anati®ehavior in the adsorption processes of MAO lansteel
surface.

v" The number of active sites occupied by a singlébitdr molecule value indicated that the adsorbedecules
cover four active centers.

v' The inhibition efficiency of the water soluble alin derivative as corrosion inhibitor indicates tthheir
inhibition effect are closely related tquo, E umo, hardness, dipole moment and charge densities.
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