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ABSTRACT

Alloxazine (ALLO) was studied as an effective cgioo inhibitor for mild steel in 1 M HCI
solution using UV-visible spectrophotometric anéwmetric technique at 303 — 333 K. The
results indicate that alloxazine inhibited the amsion process in acid medium by virtue of
adsorption. Inhibition efficiency improved with cemtration but decreased with rise in
temperature. Temkin adsorption isotherm was foungrovide an accurate description of the
adsorption behaviour of the alloxazine. The mecsranof physical adsorption is proposed from
the values of Ea andG°gys obtained. The UV-Visible spectroscopy study pesid strong
evidence for the possibility of the formation of@mplex between Eecation and the studied
inhibitor in 1 M HCI solution which may be respdnisi for the observed inhibition.
Computational simulation was performed on the mdbacstructure of alloxazine to give further
insight into the inhibitory action of the inhibitor

Keywords: Adsorption isotherm, alloxazine (ALLO), mild steekorrosion inhibition,
hydrochloric acid.

INTRODUCTION

In practice, corrosion can never be stopped butbeahindered to a reasonable level. Over the
years, reductions in the rate of metal corrosiore@een achieved through a number of ways. It
involved controlling the pH or ion concentrationtbé solution or controlling the metal solution
interface. This is achieved through the additiorsmofall amount of chemicals called inhibitors,
that either form a barrier like layer on the metaiface or stimulate film formation and by so
doing retard or slow down the rate of metal dissofu (Khaled, 2006). Acid solutions are
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widely used in industry. Some important fields ppkcation include acid pickling of iron and
steel, chemical cleaning and processing, ore ptadueand oil well acidification. Acids such as
HCI and HSQO, are generally used in the treatment of steel anads alloys. Because of the
general aggression of acid solutions, inhibitoes@mmonly used to reduce the corrosive attack
on metallic materials.

Among many methods of corrosion control and praeenthe use of organic inhibitors is the
most frequent used. Some researchers have showvmdsa of the efficient organic inhibitors
contain nitrogen, oxygen, sulphur, double and dripbnds, so there is some lone pair of
electrons ana bonds existing in their molecules which serve @sogption sites (Obot and Obi-
Egbedi, 2008). Moreover, many N-heterocyclic commsu have been used as effective
inhibitors for the corrosion of metals and allogsaiqueous media (Chetouani et al., 2005; Abd
El-Maksoud, 2003; Wang, 2001; Popova, 2003; Obatlet2009). Unfortunately most of the
organic inhibitors are toxic, very expensive andimmentally unfriendly. Due to increasing
environmental awareness and adverse effect of sdramicals, research activities in recent
times are geared towards developing cheap, noo-toxd environmentally acceptable corrosion
inhibitors (Obot et al., 2009).

Recently, interest in alloxazines has intensifiedduse of their important role in a wide range of
biological systems (Chastain et al., 1991). Lunoame (7, 8-dimethylalloxazine), for example
was found to inhibit flavin reductase in livifg€scherichiacoli cells (Cunningham et al., 2000).
Most recently, we have reported on the corrosidwbition action of alloxazine in sulphuric acid
(Obi-Egbedi and Obot, 2011). However, there is nerdture to date about the corrosion
inhibitive effect of alloxazine on mild steel in H&blution.

Thus, the inhibitory effects of alloxazine on mdtkel corrosion in 1 M HCI at 303-333 K was
studied by measuring weight loss with immersioretias well as by quantum chemical studies.
The inhibitor adsorption mechanism was studied, #re thermodynamic functions for the

dissolution and adsorption processes were calculated discussed. The choice of this
compound was also based on molecular structureidmyasions, i.e., this is an organic

compound with several adsorption centre. The mddecsiructure of alloxazine is given in

Figure 1.

MATERIALS AND METHODS

2. Experimental Method
2.1.Material
The chemical composition of mild steel samples §Hubt et al., 2009) is shown in Table 1.

The mild steel sheet was mechanically press-cot éotipons of dimension 5cm x 4cm. These
coupons were used as supplied without further Ipioigs but were however ground with SiC
abrasive paper, degreased in absolute ethanall idrigcetone, weighed and stored in a moisture
free desiccator prior to use (Obot and Obi-Egh2@8; Obot and Obi-Egbedi, 2009).
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2.2Solutions

1 M HCI solution was prepared by dilution of 98% IH&nalytical grade) using distilled water.
Alloxazine was added to the acid in concentraticargging from 0.2 uM to 1.0 uM and the
solution in the absence of alloxazine was takehlassk for comparison. Tests were conducted
under total immersion conditions in 100 ml of teslutions maintained at 383333 K. The pre-
cleaned and weighed coupons were immersed in ea&ataining the test solutions.

To determine weight loss with respect to time, ¢bepons were retrieved from test solutions at
2 hrs interval progressively for 10hrs, immersed®@% NaOH solution containing 200gbf
zinc dust, scrubbed with bristtle brush, washedlistilled water, dried in acetone and re-
weighed (Obot et al., 2009). The weight loss wasriao be the difference between the weight
of the coupons at a given time and its initial virtigf the test coupon determined using LP 120
digital balance with sensitivity of £1 mg.

2.3 Gravimetric measurements
The apparatus and procedure followed for the welgb$ measurements were as previously
reported (Abboud et al., 2007; Song et al., 200haddna et al., 2005). The corrodent

concentration was kept at 1 M and the volume oft#s¢ solution used was 100 mL. All tests

were made in aerated solutions. The difference éatvthe weight at a given time and the initial

weight of the coupons was taken as the weightidssh was used to compute the corrosion rate
given by (Obotet al.,2009)

_ AW

Al (1)

0

Where AW is the Change in mass of the mild steel coupaar afimersion, A is the total surface
area of the mild steel coupon, t is the corrosioe tandp is the corrosion rate.

Surface coverage, 6= (= p2) (2)

y2

Inhibition efficiency, %l =(ij1oo @3)

1

Wherep; andp; are the corrosion rates of the mild steel in 1 Ml iiffank) in the absence and
presence of inhibitor respectively.

RESULTS AND DISCUSSION

3.1 Weight loss, corrosion rate and inhibition efttiency

The weight loss (gravimetric measurements) forrtfile steel in 1 M HCI containing different
concentrations of the compound as function of tisnpresented in Fig. 2. The results show that
weight loss increase with increase in time but el@ee with increase in concentration of the
alloxazine (ALLO). The decrease is due to the iitivie effects of the inhibitor and these effects
increase with increase in concentration of thehitbi. The values of corrosion rate, surface
coveragef{) and inhibition efficiency from weight loss measonents at different concentrations
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of the studied inhibitor after 10hrs immersion 883313, 323 and 333 K are summarized in
Table 2. It is evident from this table that theilmton efficiency (%l) increased with increasing
inhibitor concentration, reaching a maximum of P4.0This may be due to the adsorption of
alloxazine onto the mild steel surface through boneing electron pairs of nitrogen and oxygen
atoms as well as the-electrons of the aromatic rings. The high inhigtiperformance of
alloxazine suggests a higher bonding ability of itmi@bitor to the mild steel surface. Similar
observation has been reported (Ahamad and QuraidhQ).

The inhibition efficiency as a function of conceation is shown in Fig. 3. The results show that
as the inhibitor concentration increases, the stororate decreases and therefore the inhibition
efficiency increases. This implies that this intobiact through adsorption on mild steel surface
and formation of a barrier layer between the matal the corrosive medium. Thus, in order to
confirm the adsorption of alloxazine on mild stealface, adsorption isotherms were studied
which provides basic information on the interactminhibitor and metal surface. Thus, the
degree of surface coverage valuy @t different inhibitor concentrations in 1 M H@las
evaluated from weight loss measurements at 30883-K and tested graphically for fitting to a
suitable adsorption isotherm.

3.2 Adsorption /Thermodynamics studies

It is important to determine empirically which adstion isotherm fits best to the surface
coverage data in order to use the corrosion rasuorements to calculate the thermodynamics
parameters pertaining to inhibitor adsorption. Tinedels considered were (Tang et al., 2006;
Sahin et al., 2002; Priya et al., 2008; Mu et2005; Umoren et al., 2008):

Temkin isotherm:  exp(f6) =K_,C 4) (
Langmuir isotherm: 8=K_,C (5)
El-Awady isotherm: Iog% =logK ., + ylogC (6)
Freundlich isotherm:logé@ =logK . +nlogC @)

Where Kygs is the equilibrium constant of the adsorption pss; C the inhibitor concentration
and f the factor of energetic inhomogeneity . ThstHitted straight line is obtained for the plot
of surface coveragef) versus logarithmic of inhibitor concentration @-¢C), Fig. 4. The
experimental data fit best for the Temkin adsorptgotherm as the correlation co-efficient$)(R
were on the range 0.9980R? > 0.9530. This suggests that the adsorption of aflime on the
metal surface obeyed the Temkin adsorption isoth&emkin adsorption isotherm is given by;

expc2ad) =K C (8)
Where ‘a’ is molecular interaction parameter. Tladculated values of molecular interaction
parameter ‘a’ and the equilibrium constant of apggon process ks deduced from Temkin
adsorption plot (Fig. 4) is also shown in Tabléf 3he parameter ‘f’ is defined as:

f =-2a 9
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Where f is the heterogeneous factor of the metdhse describing the molecular interactions in
the adsorption layer. (Umoren et al., 2008).

It is a known fact that ks denotes the strength between adsorbate and adsorbege values
of Kagsimply more efficient adsorption and hence bettdibition efficiency. It is clear from the
Table 3 that values of }4;are very low indicating weak interaction betwelea inhibitor and the
mild steel surface. It seems therefore, that edstatic interaction (Physisorption) between the
inhibitor molecules existing as cations should prewver molecular interaction which often
results in strong interactions (Chemisorption) (vatral., 2006).

The equilibrium constant of adsorptiondKis related to the standard free energy of adswrpti
(AGaq9, With the following equation (Fiala et al., 2007)

K= ex ~ ACq, (10)
555 RT

Where R is the molar gas constant, T is the absodmperature and 55.5 is the concentration of
water in solution expressed in molar.

Rearranging Equation (10) gives
AG;
logK . = 1744- —2%_ 11
9 ace 2.30%RT 1D

From where the standard free energy of adsorptid®’§) was calculated (Table 3). The
negative values of th&G’gqsreflect the spontaneity of the adsorption pro@ess stability of the
adsorbed layer on the mild steel surface. Generafijues ofAG%gs up to -20kJ mot are
consistent with electrostatic interactions betwdba charged molecules and the metal (
physisorption) while those around -40kJ thor higher are associated with chemisorptions as a
result of sharing or transfer of electrons fromamig molecules to the metal surface to form a
coordinate type of bond (chemisorptions) (Umorealgt2008). One can see that the calculated
AG,gsvalues are less than -20kJ maindicating, therefore that the adsorption meckanf the
alloxazine on mild steel in 1 M HCI solution wagpityal of physisorption (Table 3).

3.3 Temperature Effect

The effect of temperature on the corrosion ratenidd steel in 1 M HCI solution in absence and
presence of 0.2 uM to 1.0 uM of alloxazine was igtidt different temperatures (303-333 K) by
weight loss measurements. This effect of tempegatarthe inhibited acid-metal reaction is very
complex, because many changes occur on the metatsisuch as rapid etching, desorption of
inhibitor and the inhibitor itself may undergo degmosition (Bentiss et al., 2005). The data of
Table 2 shows that th&ol decrease as the temperature increases and witieagecin
concentrations of studied inhibitor. Fig. 3 showws variation of percentage inhibition efficiency
with temperature. It is clear from the figure tipatrcentage inhibition efficiency increases with
alloxazine concentration but decreases with inergasemperature. This may be probably due to
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increased rate of desorption of alloxazine fromrthiel steel surface at higher temperature (Li et
al., 2010; Obot and Obi-Egbedi, 2010a).

In acidic solution, the corrosion rate is relatedamperature by Arrhenius equation (Behpour et
al., 2009).
Ea
logp=logA-—— 12
9p =109 2.30RT 12)

Wherep is the corrosion rate determined from the weigissImeasurement, Ea, the apparent
activation energy, A the Arrhenius constant, R thelar gas constant and T is the absolute
temperature. The apparent activation energy, Eadetmined from the slopes of lpgrersus

I/T graph depicted in Fig. 5.

The values of activation energies were calculated] given in Table 4. These values indicate
that the presence of alloxazine increases theadiv energy of the metal dissolution reaction.
The increase irE; is proportional to the inhibitor concentration. €fimcrease in activation
energy can be attributed to an appreciable decieabe adsorption of the inhibitor on the mild
steel surface with increase in temperature andr@gmonding increase in corrosion rates due to
the fact that greater area of metal is exposetigatid environment (Szauer and Brand, 1981).
The adsorption of the studied inhibitor is assurteedccur on the higher energy sites and the
presence of the inhibitor, which results in thecklog of the active sites, must be associated
with an increase in the activation energy of miieles corrosion in the inhibited state (Fouda et
al., 2006). The higher value of, la the presence of inhibitor compared to thatsrabsence and
the decrease in tHl with rise in temperature is interpreted as andatibon of physisorption
(Umoren and Ebenso, 2007). The values of enthdlagtivationAH™ and entropy of activation
AS were obtained from the transition state equatfdsbpud et al., 2007).

_(RT AS —-AH’
p—(mjexp{ R jexp{ R j (13)

Wherep is the corrosion rate, h is the plank’s const&m461 x 1G* Js); N is the Avogadro’s
number (6.02252 x Fdmol™); T is the absolute temperature and R is the usalgas constant.
A plot of log (p/T) as a function of 1/T (Fig. 6) was made for nstéel corrosion in 1 M HCI in
the absence and presence of different concentsatiballoxazine. Straight lines were obtained
with slope of AH™ /2.303R) and an intercept of [log(R/Nh) A* /2.303R)] from which the
values ofAH™ andAS*, respectively, were computed and listed als®able 4. Examination of
these data reveals that thel values for dissolution reaction of mild steel iflMLHCI in the
presence of alloxazine are higher (1.55 — 2.49 &U*ythan that in the absence of ALLO (0.92
kJ mol'). The positive sign ofAH show the endothermic nature of the solution proces
suggesting that the dissolution of mild steel @aslwhich indicates that inhibition efficiencies
decrease with increase in temperature (Guan e2@04; Abboud et al., 2007). It is also clear
from Table 4 thaEa andAH” increase with increase in alloxazine concentration.
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The entropy of inhibitor adsorptiom\§ 2¢) was negative because inhibitor molecules, freely
moving in the bulk solution were adsorbed in anedsdfashion onto the mild steel surface,
resulting in a decrease in entropy (Mu et al., 200%is implies that, the activated complex in
the rate determining step represents associatibrerrdhan dissociation step, meaning that a
decrease in disordering takes place on going fresstants to the activated complex (Herrag et
al., 2010).

3.4 UV-Visible spectroscopic investigation

The absorption of monochromatic light is a suitatkethod for identification of complex ions,
the absorption of light is proportional to the centration of the absorbing species (Abboud et
al., 2007). Since there is often a certain quarnditymetal cation in the solution that is first
dissolved from the metal surface, such procedusre wonducted in the present work to confirm
the possibility of the formation of [ALLO-F§ complexes as described in several publications
(Sherif and Park, 2005; Rangelov and Mircheva, 1®forsi and Hassanein, 1999; Abdel-
Gaber et al., 2009). Furthermore, the change iftipoof the absorbance maximum and change
in the value of absorbance indicate the formatiba oomplex between two species in solution
(Abboud et al., 2007). For routine analysis a serggnventional technique based on UV-visible
absorption spectra obtained from 1 M HCI solutiamtaining 1.0n M alloxazine before and
after 3 days of mild steel immersion is shown ig. .

The absorption spectrum of the solution containln@ uM alloxazine before the mild steel
immersion shows a band of shorter wavelength wheée of 3 days of steel immersion shows a
band of longer wavelength (Fig. 7). The electrasorption spectra of ALLO before the steel
immersion display a main visible band at 330 nmsTand may be assignedsear* transition
involving the whole electronic structure systemtloé compound with a considerable charge
transfer character (Abboud et al., 2009). Afteeéhdays of steel immersion (Fig. 7), it is clearly
seen that the band maximum underwent a blue shifigesting the interaction between ALLO
and Fé" ions in the solution (Abboud et al., 2007). Furthere, there is a slight increase in the
absorbance of this band. It is clear that there mamsignificant difference in the shape of the
spectra before and after the immersion of ALLO singwa possibility of weak interaction
between ALLO and mild steel (Physisorption) (ObbEdi and Obot, 2010). This indicates that
the nitrogen and the carbonyl groups are weaklg bel in the complex with iron (Song et al.,
2007). These experimental findings provide a strewigence for the possibility of the formation
of a complex between Fecation and the studied inhibitor in 1 M HCI sotuti(Anacona, 2005).

3.5 Quantum Chemical Calculations

Quantum chemical calculations have proved to berg powerful tool for studying corrosion
inhibition mechanism (Anacona, 2005). Thus, a tegcal study was undertaken to observe its
possible physical characters which could contribte inhibition. Recently, the density
functional theory (DFT) has been used to analyze dharacteristics of the inhibitor/surface
mechanism and to describe the structural natur¢hefinhibitor on the corrosion process
(Lashkari and Arshadim, 2004; Sein et al.,, 2001erSo et al., 2010). Thus in the present
investigation, quantum chemical calculation using=TDwas employed to explain the
experimental results obtained in this study anfiitther give insight into the inhibition action of
ALLO on the mild steel surface.
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The calculated values of the quantum chemical peten® obtained using the Hartree-fock/
Density functional theory (HF-DFT) by Becke 3 Leang Parr (B3LYP) method with 6-31G*
basis set of SPARTAN’ 06 V112 program are presentedable 5. The relation between
inhibition efficiency of inhibitor and the quantuamemical calculation parameters likadmo,
ELumo, dipole moment andE were investigated. These parameters providenrdton about
the reactive behavior of molecules. These the@lgpiarameters were calculated in the neutral as
well as in the protonated form of ALLO in the aqusogphase. The reactive ability of the
inhibitor is considered to be closely related teithrontier molecular orbitals, the HOMO and
LUMO (Obi-Egbedi and Obot, 2010). The highest odedpmolecular orbital (HOMO) is
usually the region of high electron density, therefis often associated with the electron
donating ability of the molecule. The optimized gmdry of alloxazine is shown in Fig. 8.

As we know, frontier orbital theory is useful inegicting the adsorption centers of the inhibitors
responsible for the interaction with surface mataims. The HOMO and the LUMO population
of alloxazine were plotted and are shown in Figé09espectively. It could also be easily seen
that the frontier orbitals, the HOMO and the LUM@re distributed around the entire molecule.

Moreover, the gap between the LUMO and HOMO enéeggls of the molecule was another
important factor that should be considered. It h&en reported that excellent corrosion
inhibitors are usually those organic compounds #ratnot only offer electrons to unoccupied
orbital of the metal but also accept free electrfvom the metal (Chao et al., 2005). It is also
well documented in literature that the higher th@NHO energy of the inhibitor, the greater its
ability of offering electrons to unoccupied d-odbibf the metal, and the higher the corrosion
inhibition efficiency. It is evident from Table hat ALLO has the highestygvo in the neutral
form and a lower gomo in the protonated form. This means that the electt@nating ability of
ALLO is weaker in the protonated form. This conféritihe experimental results that interaction
between ALLO and mild steel is electrostatic inunat(physisorption). In addition, the lower the
LUMO energy, the easier the acceptance of electirons metal surface, as the LUMO-HOMO
energy gap decreased and the efficiency of inhiltproved. It is clear from Table 5 that the
protonated form of ALLO exhibits the lowestUmo, making the protonated form the most likely
form for the interaction of mild steel with ALLO rezule. Low values of the energy gayE)

will provide good inhibition efficiencies, becautiee excitation energy to remove an electron
from the last occupied orbital will be low (Gec&08). A molecule with a low energy gap is
more polarizable and is generally associated whigh chemical reactivity, low kinetic stability
and is termed soft molecule (Dwivedi and Misra, @0IThe adsorption of inhibitor onto a
metallic surface occurs at the part of the moleauttech has the greatest softness and lowest
hardness (Wang et al., 2007). Quantum chemicalnpeteas listed in Table 5 indicate that
alloxazine is a good inhibitor in HCI which corresyls to the experimental results.

The Mulliken charge distribution of alloxazine ieepented in Fig. 11. It has been reported that
the more negative the atomic charges of the addarbetre, the more easily the atom donates its
electron to the unoccupied orbital of the metala(®¥t al., 2008). It is clear from Fig. 11 that

Nitrogen and Oxygen as well as some carbons atam®g negative charge centers which could
offer electrons to the mild steel surface to formoardinate bond. It could be readily observed
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that oxygen and the nitrogen atoms had higher ehdemsities and might form the adsorption
centers.

In acidic solution, this studied inhibitor can éa@s cationic species through the protonation of
nitrogen and oxygen atoms. The protonated compdkitd 12) can be adsorbed on the metal
surface by means of electrostatic interaction betw€l (which act as a bridge between the
metal surface and the electrolyte) and protonalledazine. Moreover, the adsorption of these
compound on the anodic sites through lone pailexfteons on N and O atoms and through the
T-electrons of the phenyl groups will then redudes anodic dissolution of mild steel (Obot et
al., 2009). The dipole moment is another import&attronic parameter that results from non-
uniform distribution of charges on the various atdma molecule. It is mainly used to study the
intermolecular interactions involving the Van derals type dipole-dipole forces etc, because
the larger the dipole moment the stronger will be intermolecular attraction (Dwivedi and
Misra, 2010). The dipole moment of ALLO (Table §)highest in the protonated form. The high
value of dipole moment probably increases the gdi®or between chemical compound and
metal surface (Li et al., 2009). The values of tBppnoment indicate the possibility of adsorption
of studied compound by electron donation to theilledf orbital of iron. The electronic
configuration of iron is [Ar] 48d°, so 3d orbital is not fully filled with electronAccordingly,

the adsorption of ALLO molecules can be regarded ggasi-substitution process between the
ALLO compound and water molecules at the mild steeface (Obi-Egbedi and Obot, 2010b).

From the above discussion, it could be deduced dlakazine interact with the mild steel
surface using a number of active centers formingoad protective layer on the mild steel
surface, thus retarding further corrosion of theahm hydrochloric acid solution. It also exists
in the cationic form which can interact with milekel surface by electrostatic attraction.

3.6 Mechanism of Corrosion Inhibition

A number of mechanistic studies on the anodic tlisem of Fe in acidic solutions have been
undertaken, and the hydroxyl accelerated mechapreposed initially by Bockris and Drazie
(1962) and reported by Oguzie (2004) has gainedadhatming acceptance:

Fe+H,O0 4] - FeOH_,+H +e

(14)
FeOH,, (10 - FEOH" +e (rate determining ste (15)
FeOH" +H" L - Fe* +H,0 (16)

It has been suggested that anions su@iad ~, SO and S may also participate in forming

reaction intermediates on the corroding metal serfavhich either inhibit or stimulate corrosion
(Hurlen et al., 1984). It is important to recognithet the suppression or stimulation of the
dissolution process is initiated by the specifis@gtion of the anions on the metal surface.
According to the Bockris mechanism outlined earlige electro-dissolution in acidic sulphate
solutions depends primarily on the adsorbed intdiate FeOHys Ashassi-Sorkhabi and
Nabavi-Amri (2000) proposed the following mechanisnwolving two adsorbed intermediates to
account for the retardation of Fe anodic dissolutiothe presence of an inhibitor:
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Fe+H,O L] - FeH,O

ads (17)
FeH,O0,,,+M L - FeOH_ +H" + M (18)
FeH,O,,,+M L - FeM_, +H,0O (19)
FeOH,,, (I -~ FeOH,_, +e (rate determining step) (20)

= o+
ads "D FeM ads e (2 1)

+ - + *
FeOH_ +FeM,_, 4] - FeM,_,, +FeOH 22)

(23)

FeM

FeOH' +H* .0 - Fe* +H,0

Where M represents the inhibitor species

Considering the inhomogeneous nature of metallifasas resulting from the existence of lattice
defects and dislocations, a corroding metal surfac@enerally characterized by multiple
adsorption sites having activation energies andsh&faadsorption. Inhibitor molecules may thus
be adsorbed more readily at surface sites haviitgbde adsorption enthalpies. According to the
detailed mechanism above, displacement of somelaetsavater molecules on the metal surface
by inhibitor species to yield the adsorbed interratdFeMds(Eqg. 19) reduces the amount of the
species FeOHlys available for the rate determining steps and aqunsetly retards Fe anodic
dissolution (Obot and Obi-Egbedi, 2010a; Omar arudkiar, 2010).

From the experimental and theoretical results abtii we note that a plausible mechanism of
corrosion inhibition of mild steel in 1.0 M HCI glloxazine may be deduced on the basis of
adsorption. The adsorption process is affectedhieychemical structures of the inhibitor, the
nature and charged surface of the metal and thegbdion of charge over the whole inhibitor
molecule. In general, owing to the complex natufeadsorption and inhibition of a given
inhibitor, it is impossible for single adsorptiorode between inhibitor and metal surface.

Thus, in aqueous acidic solutions, the ALLO exetler as neutral molecules or in the form of
protonated ALLO (cations). ALLO may adsorbed on thetal/acid solution interface by one
and/or more of the following ways: (i) electrostatiteraction of protonated ALLO with already
adsorbed chloride ions, (ii) donor-acceptor intéoas between the-electrons of aromatic ring
and vacant d orbital of iron surface atoms, (iieraction between unshared electron pairs of O
and N atoms of ALLO and vacant d orbital of iromfaoe atoms (Obi-Egbedi and Obot, 2010).

Generally, two modes of adsorption could be comsileln one mode, the neutral ALLO
molecules may be on the surface of mild steel thinalhhe chemisorption mechanism involving
the displacement of water molecules from the mikklssurface and the sharing of electrons
between the heteroatoms and iron. The inhibitorecwde can also adsorb on the mild steel
surface on the basis of donor-acceptor interactbmieeent-electrons of the heterocyclic ring
and vacant d-orbitals of surface iron. In anothexdey since it is well known that the steel
surface bears positive charge in acid solution @dal., 1996), it is difficult for the protonated
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ALLO to approach the positively charged mild steefface (HO / metal interface) due to the
electrostatic repulsion.

Table 1: Chemical Composition of Mild Steel Sample8Nt %).

0.17
0.24
0.44
0.0047
n.017
Bal

mm“ﬂg,@;{n

Table 2.Corrosion parameters for mild steel in 1 MHCI in the absence and presence of different
concentrations of alloxazine at different temperattes

Concentration Corrosion rate, inhibition efficiency (% |) and deg of surface coveragel)
of Alloxazine 303K 313K 323K 333K
(M)
ax10® b c|lax10' b clax10' b clax10' b c
Blank 9.89 - - 101 - - 11.3| - - 151 - -
0.2 6.37 | 36 | 0.36| 7.52| 24 | 0.24| 8.29| 23| 0.23| 12.8| 15 | 0.15
0.4 5903 | 40 | 0.40| 6.43| 35| 0.35| 8.16| 28| 0.28| 11.6| 23 | 0.23
0.6 428 | 57 |1 057|495| 50 | 0.50| 7.24| 36 | 0.36| 10.3| 32 | 0.32
0.8 3.31 | 67 | 0.67| 4.06| 59 | 0.59| 6.00| 47 | 0.47| 8.84| 42 | 0.42
1.0 2.84 | 71| 0.71] 3.24 67 0.67| 4.29| 55| 0.55 7.44| 51| 0.51

(a) Corrosion rate obtained from equation (1); (b) kition efficiency (%l) obtained using equation (&))
Degree of surface coverag® pbtained using equation (3).

Table 3: Adsorption parameters from Temkin isothem for Mild steel coupons in 1M HCI containing
different concentration at 303-333 K.

Inhibitor Temperature | Adsorption parameters
(K)
K ads f A -AG(KJ/mol) R?
(mol/L)
303 5.12 10.31 -5.16 16.637 0.9530
313 3.57 9.09 -4.55 13.763 0.9860
DAQ 323 4.73 12.05 -6.03 | 14.959 0.9850
333 1.79 10.99 -5.50 12.732 0.9980

Thus, the presence of chloride ions which have sxoegative charges in the vicinity of the

interface could favour the adsorption of the pwslyi charged inhibitor molecules. The

protonated ALLO could then adsorb through elecatastinteractions between the positively

charged molecules and the steel surface which raswmnlegatively charged chloride ions on it.
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Thus, there is a synergism between ©hs and the protonated ALLO molecules. Similar
mechanism has been proposed recently (Ahamad 204D; Obi-Egbedi and Obot, 2010).

Table 4: Activation parameters for Mild steel coupams in 1 M HCI containing different concentration d
alloxazine at 303-333 K

Concentration Ea (kJ mol-1) AH* -AS*(J/molK-1)
(kJ/mol)
Blank 1.11 0.92 299.6
0.2 uM 1.86 1.55 300.6
0.4 uM 1.86 1.61 301.1
0.6 uM 2.45 2.18 301.3
0.8 uM 2.80 2.49 302.4
1.0 uyM 2.84 2.49 304.4
Table 5: Quantum parameters obtained by Spartan’06
Quantum parameter Neutral calculated value Protonated calculated value
ALLO ALLO
Eromo (V) -6.781 -10.764
ELumo (eV) -2.736 -6.799
ELumo - Eromo (eV) 4.044 3.964
Heat of Formation (kJ/mol) -754.205 -754.586
CPK area (A) 207.530 211.735
CPK volume () 191.397 195.012
Dipole moment(Debye) 4.262 7.98
Molecular weight (amu) 214.184 214.191

LT

Fig. 1. Molecular structure of aIonazme (ALLO).
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Figure 2. Plot of weight loss (g cff) versus time (h) in the absence and presence offdrent concentrations of
alloxazine at 303 K.
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Figure 3. Plot of Inhibition efficiency (%I) versus concentrations of alloxazine at different tempeatures.
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Temkin adsorption isotherm plot ash versus Log C for alloxazine at 303-333 K.
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Figure 5: Arrhenius plot as logp versus 1/T for mild steel coupons in 1 M HCI containg different
concentration of alloxazine

®blank HWO02uyM A0.4uM

X0.6uM X08uM ®1.0uM

Logp/T (mgcm2 h1K?)
&
[e)]

1000/T (K1)

Figure 6: Transition State plot as log (CR/T) verss 1/T for mild steel coupons in 1 M HCI containing
different concentration of alloxazine.
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Figure 7. Uv-visible spectra of the solution containg 1M HCl in 1.0 uM alloxazine before (blue) andafter
(red) mild steel immersion.
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Figure 10. LUMO electronic density of alloxazine mkecule
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Figure 11. Mulliken Charges of the atoms in alloxane

Figure 12. Optimized structure of alloxazine protorated at N2

CONCLUSIONS

1. Results obtained from the experimental and themaktlata show that alloxazine acts as
an effective inhibitor of mild steel corrosion irMLHCI.

2. The corrosion process was inhibited by adsorptibthe organic matter on the steel
surface.

3. Inhibition efficiency Increases with increase ire tboncentration of the alloxazine but
decreases with rise in temperature.

4. The adsorption of alloxazine on mild steel surf&mem 1 M HCI obeys the Temkin

adsorption isotherm.
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5. Phenomenon of physical adsorption is proposed froime values of
kinetic/thermodynamics parameters (B&’,q9 obtained.

6. The UV-Vis studies clearly reveal the formation cdmplex which may be also
responsible for the observed inhibition.

7. Quantum chemical calculations show that apart fretmdied compound molecule

adsorbing as cationic species on the mild steé¢hseyrit can also adsorbed as molecular
species using oxygen, nitrogen and benzylic carbsnts active centers.
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