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ABSTRACT

The inhibitive action of Theobromine on corrosidnmild steel in 1M HCI solution has been studiethgsveight
loss measurement, potentiodynamic polarization eledtrochemical impedance spectroscopy (EIS) tectasi. It
was found that the inhibition efficiency of Theahmoe inhibitor increases with increase in concetitra of
inhibitor and decreases with increase in temperatdrhe inhibitor show corrosion inhibition effic@gnof 90% at
1g/l and 308 K. Polarization data suggested that Thheobromine inhibitor used as mixed type inhibltmpedance
measurements indicating that the corrosion reaci®montrolled by charge transfer process. The agotson of
Theobromine on the metal surface was found to bhagmuir adsorption isotherm. The Density Functioftzeory
(DFT) was employed for quantum chemical calculaitmcorrelate the experimental findings.
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INTRODUCTION

Using inhibitors is one of the most practical methdor protecting metals against corrosion, esfigdia acidic
media [1]. Among numerous inhibitors, N-heterooydompounds are considered to be the most effectiir@sion
inhibitors [2]. Up to now, various N heterocycliorapounds are reported as good corrosion inhibftoraild steel
in acidic media [3, 4]

The interaction between the metal surface and dietierms such as nitrogen, oxygen and sulfur playisnportant
role in inhibition process. These atoms possess diectron pairs which facilitate their adsorptmm the metal
surface where they can displace water and forneptioe film on the surface of the metal [5, 6].ofection of the
equipments and vessels against corrosion is a rneajuzern of the maintenance and design engineées.use of
chemical inhibitors is one of the most effectiveasigres for protecting the metal surfaces againsbsion in such
highly acidic media [7].

The objectives of this work were to study the iitidim performance of Theobromine (Scheme 1), usiegght loss,
electrochemical impedance spectroscopy (EIS) antkéntiodynamic polarization measurements. For furthe
confirmation several isotherms were tested forrtheevance to describe the adsorption behavidgh@fcompound
studied. The correlation between the inhibitioricé#hcy of used inhibitors and quantum chemicabpaaters was
also studied.
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CH,
Scheme 1: Chemical structure of the investigated Tobromine inhibitor

MATERIALS AND METHODS

2.1. Solutions and samples preparation

Corrosion experiments were performed on mild sgpelcimens with weight percentage composition dsvist
0.09% P, 0.38% Si, 0.01% Al, 0.05% Mn, 0.21% C5860S and the remainder Fe. Specimens were wet-groun
using emery paper from grade N°400 to N°1200; dnsih distilled water, degreased with acetone drield with
warm air before use.

2.2. Weight loss, polarization and EIS measurements

Weight loss measurements were carried out in a ldowhlled glass cell equipped with a thermostatiogo
condenser. The solution volume was 100 ml. Thd sfximens used had a rectangular form (1.5 crb xrh 0.05
cm). The immersion time for the weight loss was & B08 K. After the corrosion test, the specimeisteel were
carefully washed in double-distilled water, drietlahen weighed. The rinse removed loose segmétie dilm of

the corroded samples. Weight loss allowed us lmutzte the mean corrosion rate as expressed iomigh™.

Electrochemical measurements were carried ouconaentional three-electrode electrolysis cylindriéyrex glass
cell. The working electrode (WE) in the form of aisut from mild steel has a geometric area of ¥ and is
embedded in polytetrafluoroethylene polytetraflahylene. A saturated calomel electrode (SCE) arntisa
platinum electrode were used, respectively, asrepfe and auxiliary electrodes. The temperature was
thermostatically controlled at 308 + 1 K.

The electrochemical study was carried out usingotermiostat PGZ100 piloted by Voltamaster soft-warhis
potentiostat is connected to a cell with threetebele thermostats with double wall. A saturatedow! electrode
(SCE) and platinum electrode were used as referandeauxiliary electrodes, respectively. Anodic aathodic
potentiodynamic polarization curves were plotted ablarization scan rate of 0.5mV/s. Before afleriments, the
potential was stabilized at free potential duri®gn3in. The polarisation curves are obtained fror@G-81Vv to —200
mV at 308 K. The solution test is there after deatesl by bubbling nitrogen. The electrochemical éadgnce
spectroscopy (EIS) measurements are carried out thié electrochemical system, which included ataligi
potentiostat model Voltalab PGZ100 computer at Eafter immersion in solution without bubbling. Aftthe
determination of steady-state current at a corrogiotential, sine wave voltage (10 mV) peak to peak
frequencies between 100 kHz and 10 mHz are supesetpon the rest potential. Computer programs aattoatly
controlled the measurements performed at rest pateafter 30min of exposure at 308 K. The impegadiagrams
are given in the Nyquist representation. Experimané repeated three times to ensure the repralitycib

2.3. Quantum chemistry calculation

The quantum calculations were performed using the&JSSIAN 09 program [8]. The geometry of the studied
compound was evaluated using the Density Functidiedory (DFT) level of the three-parameter compound
functional of Becke (B3LYP) [9]. The 6-31 G(d,p)dim set was used for all atoms. The geometry gegmet
structure was optimised under no constraints. We leso examined HOMO and LUMO levels; the energp g
was evaluated as the difference between the HOM® lA¥MO due to the MO energies. And the Density
Functional Theory (DFT) approach was performed badbromine to determine the relationship betwehbibition
efficiency and their molecular structure.

RESULTS AND DISCUSSION

3.1. Weight loss measurements

3.1.1. Effect of inhibitor concentration

Corrosion of mild steel in 1 M HCI containing difést concentrations(1- 0.125g) of Theobromine wadied by

weight loss measurements, that is, measuring thes mhmetal turned into corrosion products per anéa of

surface per unit of time. The immersion time wasmjzed and the optimized 6 h immersion time wasdufor all

the weight loss measurements. Coupons were remfseed the electrolyte after 6 h, washed thoroughlghw
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distiled water. Triplicate experiments were cortgdc for each concentration of the inhibitors to ugas
reproducibility and the corrosion rate (w), inhibit efficiency (E%) and surface covera@® Wwere determined by
following equations [10]:

— _ Wicogr
E(%) = (1 o ).100 (1)

Where Wcorr and W'corr are the corrosion rates itd steel due to the dissolution in 1 M HCI in uhibited and
inhibited solutions, respectively.

Table 1. Corrosion parameters obtained from weightoss measurements for mild steel in 1 M HCI containg various concentrations of
Theobromine at 308 K

Inhibitor Concentration (g/l) (mg\]/\i:cn?; h) (E/r)/ 0
HCI 1M 0.91 - -
1 0.09 90 | 0.90
Theobromine 0.5 0.13 86| 0.86
0.25 0.17 81| 0.81
0.125 0.26 70| 0.7(

The analysis of these results (Table 1) shows lglehat the corrosion rate decreases (W (mg/R)conhile the
inhibition efficiency (Ew%) increases with increagiinhibitor concentration reaching a maximum vabfi®0% at
a concentration of 1g/L. This behavior can belatted to the increase of the surface coveér@ew%/100), and that
due to the adsorption of natural compound (Theobremon the surface of the mild steel, as the iibdnib
concentration increases. We can conclude that Thethe is a good corrosion inhibitor for steel inviLHCI
solution.

3.1.2. Potentiodynamic (Tafel) polarization measuments

The effect of different concentrations of Theobroeninhibitor on the potentiodynamic polarizatiorhaeior of
mild steel in 1 M HCI solution at 308K was shownHigure 1. Corrosion parameters, such as corrgsitential
(Ecor), cathodic Tafel slope$¢) and corrosion current densityf) obtained by extrapolation of the Tafel lines and
the inhibition efficiency values &b are listed in Table 2. From the polarization estvit was noted that both the
rate of cathodic and anodic reactions are redusebieaconcentrations of inhibitor increased by o&uyithe current
densities on both sides. This result suggeststtimtddition of the inhibitor reduce anodic distiolu and also
retards the hydrogen evolution reaction [11]. Theeteochemical processes on the metal surfaceedamted to the
adsorption of the inhibitor and the adsorptionriswn to depend on the chemical structure of thibitdr.

The inhibition efficiency (E%) was calculated aatiog to equations (2) and is depicted in Table 2

E 0 = leorelo) ~leorelinh) X 100 @)

B Leorrio

where Loryand Lo are current density in absence and presence @brbmine, respectively.

log I(mA/cm2)

T
-500 -400 -300 -200
Potential [mV]

-700 -600

Figure 1. Potentiodynamic polarization curves of nid steel in 1M HCI in the presence of different cocentrations of Theobromine
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The results as presented in Table 2 and Figureotvesth that, there is a slight difference in the galwf E,
between the inhibitor containing systems and thalbkystem. However, it is important to state thatk,,, values
for the inhibitor containing systems shift essdhtitowards the cathodic and anodic regions retativ that of the
blank as shown in Figure 1. The maximum shift jg.Balue relative to the &, of the blank is 10 mV vs, SCE.
Since an inhibitor can only be regarded as anodiathodic type when the displacement ig.ls greater than 85
mV [12-14], thus, this Theobromine can be arrarggdixed-type inhibitor.

Table 2. Electrochemical parameters of mild steehi1M HCI solution without and with Theobromine at different concentrations

o Concentration Ecorr I corr E
Inhibitor @) (mviSCE) | uarem? | B¢ | (o)
HCI 1M - -459 1386 -294 -
1 454 134 294 90
Theobromine 0.5 -451 178 -287 87
0.25 -450 181 -289 87
0.125 -449 351 -295 75

Also the data in Table 2 indicates that the Thewiime have no effect on the metal dissolution meigmarsince the
slopes of the cathodic Tafel linec} are approximately constant and independent erirthibitor concentration.
Evidently, the gradual increase in the inhibitoncentration moves the corrosion current densitestds lower
values. The,, values for the Theobromine inhibitor at 1g/l camtcation were found to be 13#/cm? (Table 2)
which is significantly lower than 138&A/cm? found for the mild steel in free HCI. In this ordéhe decrease of
current density in the presence of the inhibitores# that the corrosion reaction proceeds much esiaw the
inhibited medium than the uninhibited medium. Mareo the gradual increase of the inhibitor concaiins
decreases the corrosion current densities. Algodéta in Table 2 indicates that the increase bibitor
concentrations increases the surface coveragesvathieh consequently decrease the corrosion cudensities.
The results obtained from the polarization measergmare in good agreement with those obtained fitwen
gravimetric method.

3.1.3. Electrochemical impedance spectroscopy (EIS)

The corrosion behavior of mild steel in 1 M HCI widn with and without Theobromine inhibitor is als
investigated by the electrochemical impedance spsmipy (EIS) at 308K after 30 min of immersioneTdharge-
transfer resistance (Rvalues are calculated from the difference in idgee at lower and higher frequencies, as
suggested by Tsuru [15]. The double-layer capao#d@y) and the frequency at which the imaginary compooén
the impedance is maximal (&) are found as represented in the following equatio

fmax =1/211 Cd|Rt (3)

wherefais the frequency at which the imaginary compondnthe impedance (£) is maximum and Ris the
diameter of the loop.

Impedance diagrams are obtained for frequency ra@§d<Hz—10 mHz at the open circuit potential feae$in 1 M
HCIl in the presence and absence of Theobromineuidtyglots for mild steel in 1 M HCI at various @amtrations
of Theobromine is presented in Figure 2. Table Begivalues of charge transfer resistanged®uble-layer
capacitance & and inhibition efficiency k, the inhibition efficiency got from the chargerisder resistance is
calculated by the following relation:

E.. 0= Etlinh) “Relo) . 4 @)

Rifink)
where Ry and Ry, are the charge transfer resistance values intibenae and presence of inhibitor, respectively

Generally, Figure 2 showed that the impedance speghibit one single depressed semicircle, andlidu@eters of
semicircle increases with the inhibitor concentnatiThe single semicircle can be attributed todharge transfer
that takes place at electrode/solution interface, the transfer process controls the corrosiontimaof steel and
the presence of inhibitor does not change the nmesmmaof dissolution of steel[16]. It is also cleidwat these
impedance diagrams consists of one large capaditdgeand they are not perfect semicircles anddlfisrence has
been attributed to frequency dispersion[17] andheéterogeneity of the metal surface[18].
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Figure 2. Nyquist plots for mild steel in 1 M HCI ontaining different concentrations of Theobromine

Table 3. AC impedance data of mild steel in 1.0 M 8l acid solution containing different concentratiors of Theobromine at 308K

— . Rt Cdl Ert
Inhibitor Concentration (@) | () cmo) | (uffen?) | (%)
HCI 1M -- 14.7 200 --
1 155 60 90
. 05 99 64 85
Theobromine 0.25 91 69 84
0.125 61 82 | 75

From the electrochemical polarization data (Tab)e iBis clear that the Rvalues increase with inhibitor
concentration and consequently the inhibition édficy increases to 90% at 1 g/L. In fact, the preseof
Theobromine is accompanied by the increase of #ieevof R in acidic solution confirming a charge-transfer
process mainly controlling the corrosion of miledté/alues of double-layer capacitance are alsaditodown to
the maximum extent in the presence of inhibitor tieddecrease in the values qf Bllows the order similar to that
obtained for J, in this study. The decrease i & due to the adsorption of the inhibitor on thigdrsteel surface
leading to the formation of film or complex fromigic solution [19].

We also note the increase of the value pivigh the inhibitor concentration leading to anrig&se in the corrosion
inhibition efficiency. A good agreement is obseridween weight loss and electrochemical results.

3.2. Effect of temperature

The effect of temperature on the corrosion behavianild steel in 1 M HCI containing inhibitor atcmncentration
1 g/l is studied in the temperature range 313-348ikg weight loss measurements at 1 h. The datarobsion
rates and corresponding efficiency collected aesgmted in Table 4.

Table 4 Gravimetric results of steel corrosion in M HCI (1 h immersion) without and with 1 g/l Theolromine at different temperatures

Temperature Wecorr (mg.cm™2.h?) 0 Ew
(K) 1M HCI | 1M HCI + Theobromine (%)
313 1.51 0.18 0.8 88
323 3.21 0.61 0.8( 80
333 6.53 1.58 0.76 76
343 10.12 4.20 0.58 58

Examination of Table 4 revealed that the corrosate increases both in the uninhibited and in thbited acid
solution with the rise of temperature. The presesfdahibitor leads to decrease of the corroside.r&% depends
upon the temperature and increases with temperafim increase in E% indicates that the inhibiteffect of
Theobromine is reinforced at elevated temperature.

In acidic solution, the corrosion rate is relatedemperature by Arrhenius equation;

Weorr= K.exp(-E/RT)

()

where Kk is the corrosion rate constant, E is thieaton energy, T is the absolute temperature Riisl the universal

gas constant.
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Figure 3. Arrhenius plots of mild steel in 1M HCI with and without 1g/I of Theobromine

The apparent activation energy was determined ftwrslopes of In Wcorr vs 1/T graph depicted inuFég3. The
calculated values of activation energies from tlopes are 92.82 and 57.%3/mol for free acid and with the
addition of Theobromine, respectively. We remaréttthe activation energy change slightly in thespnee of
inhibitor. Furthermore, the increase of E% is exmd by Ammar and El Khorafi [20] as chemisorptafrinhibitor
molecules on the steel surface. The lower valu&afof the corrosion process in an inhibitor's pnesewhen
compared to that in its absence is attributedstaliemisorption[21].

3.3. Adsorption isotherm
The surface coverage valuésvere tested graphically for fitting a suitable @gigion isotherm. The plot of (/6
versus G, yields a straight line, proving that the adsonptid the inhibitor from HCI solution on the steelkface.

This shows that Langmuir isotherm [22] is accumatall cases (Figure 4):

c 1
— =  —+C (6)
2] k
With

o ()
K= 5555 2PC &7 )

WhereC is the concentration of inhibitoK is the adsorptive equilibrium constaftis the surface coverage and the
standard adsorption free energyGq9.

1.2 P
10 /
0.8 4 /

0.6

L

0.0 0.2 0.4 0.6 038 10
C(m)

c/0

Figure 4. Langmuir adsorption of Theobromine on themild steel surface in 1 M HCI solution
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The AG,gs values were calculated as —42.13 kJ thidr Theobromine. The large negative values ineite strong
interactions between the inhibitor molecules ararttetal surface [23]. It is well known that theuesd ofAG,4s Of
the order of —20 kJ mdi or lower indicate a physisorption; those of order40 kJ mol* or higher is related to the
chemical adsorption; in other words, charge shadngransfer between inhibitor molecules and maialorm a
coordinate covalent bond (chemisorption) [24]. e bther hand, the adsorption phenomenon of annierga
molecule is not considered only as a purely physicahemical adsorption phenomenon [25]. In thizrky the
AGqgs value for Theobromine is closer to —40 kJ thoWhich indicate the contribution of physical agstin.
Therefore, it is concluded that, the adsorptioi leéobromine inhibitor on the mild steel surfaca isiixed type of
chemical and physical adsorptions with predomiryathig first one [26].

3.4. Molecular modelling studies

Molecular modelling study was carried out to detesrthe electron rich groups /atoms in a molecslavell as
calculation of the highest molecular orbital (HOM@&)d lowest unoccupied molecular orbital (LUMO) Ivgive
further insights on the possibility of electronnséer between the inhibitor and metal. The corredpw Frontier
molecular orbitals (HOMO and LUMO) are shown in tig 6.

Figure 7, shows the molecular orbitals of iron, (Fé"and Fé*) while the energy levels vizZg, om0, ELumo aNdAE
calculated are depicted in Table 5, An ideal cooms$nhibitor has a greater tendency to donatetelas, receive
electrons or bind strongly to the metal surface].[Zhe literature shows th&iono is often associated with the
electron donating ability of the molecule and t# {ncreases with increase in the valueg@fvo [28].

All guantum chemical parameters were derived fromedlectronic data of the corresponding optimizedctures.
The frontier molecular orbital (FMO) energiessfmo and Euwo) are significant parameters for the prediction of
the reactivity of a chemical species. Theko is often associated with the electron donatingdjtghof a molecule.
High Esomo Vvalues indicate that the molecule has a high terydéo donate electrons to appropriate acceptor
molecules with low energy empty molecular orbitdlbe lower value of fyvo for a molecule suggests that the
molecule can readily accept electrons from the domaecules [29].

The optimized structures, HOMO and LUMO electrongigy surfaces of the studied molecule is showrigure 6.
For all the Theobromine(neutral and protonated jotire HOMO and LUMO orbitals aretype orbitals and the
electron densities are essentially delocalized theiTheobromine ring.

@ %0 -
| r = N
® 9@ >

.,_;a!l ._..3 P .fb ./_‘.;rs
2. o, -

Figure 5. Optimized structures of Theobromine neutal and protonated

HOMO LUMO

Theobromine
neutral
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Theobromine protonated

Figure 6. Electron density distribution on Theobromne neutral and protonated molecule HOMO and LUMO

Figure 7. Electron density distribution on Iron: Fe (HOMO and LUMO together), Fe*(HOMO), Fe?' (LUMO), Fe*' (HOMO) and Fe**
(LUMO)

Molecular orbitals of iron (Fe, F€*and Fe™)

L I X K

From Table 5., it is clear that the energy gap eslfollow the order, Theobromine protonateffe€’ < Fe** <
Theobromine neutral; which suggested that Theobremiotonated has an ability to donate electroatepably to
Fe** and F&". Thus, molecular modelling studies supported el corrosion inhibition potential of Theobromine
protonated while its possible mode of interactiathwnetal surface.

Table 5.Calculated quantum chemical parameters ofe studied compounds

Quantum parameters | Fe** Fe* Theﬁ:&ﬁgme Theobromine protonated
E romo (V) -1.001 | -1.765 -0.342 -0.319
E Lumo (eV) -0.705 | -1.124 -0.038 -0.027
AEgap (eV) 0.296 | 0.641 0.304 0.292

3.5. Mechanism of inhibition

The inhibition of mild steel corrosion in 1M HClIstion by the studied inhibitor Theobromine candxplained on
the basis of molecular adsorption. This compoutibits corrosion by controlling both anodic as wel cathodic
reactions. It has been reported in literature ithfaibitors with donor atoms and highly basic sites be protonated
in acidic solutions [30]. The nitrogen atoms présenthe studied inhibitor can readily be protowhta acidic
solution. This protonated specie adsorbed can hdsorthe cathodic sites of the mild steel and deszrethe
evolution of hydrogen. The adsorption on anodie sily occur through-electrons of aromatic rings and lone pair
of electrons of nitrogen and oxygen atoms leadinthé decrease in anodic dissolution of mild st€bé inhibitor
Theobromine is expected to get adsorbed throughlahe pairs of electrons on N atoms, oxygen atomd a
delocalizedr-electron density on Theobromine rings by theirrdomation with mild steel surface.

CONCLUSION

The results obtained lead to the following condusi

() Corrosion inhibition was achieved using Theahirte as corrosion inhibitors for mild steel in 1HCI at 308K.
The highest inhibition efficiency was exhibited Dlgeobromine, with a value of 90%.

(2) EIS measurements revealed that the corrosianild steel in the absence and presence of thesiigated
inhibitor was mainly controlled by a charge tramgfeocess.

(3) Potentiodynamic polarization measurements skaivat the Theobromine act as mixed inhibitor typesthat
they are more pronounced on the cathodic component.

(4) The adsorptions of Theobromine followed the granir adsorption isotherm, and the adsorption meishas of
inhibitors on mild steel surface from 1 M HCI ocad chemically and physical adsorptions

(5) Quantum chemical calculations show that thera correlation between inhibitive property andlenalar
parameters.
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