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ABSTRACT

A new approach to characterizing the mechanismdsbgption of inhibitor molecules has been propofeth the
findings of this study based on the degree of nesiweness of inhibition efficiency to changes mgerature. The
adsorption and inhibition of mild steel corrosiani.0 M HSQ, using different concentrations of zinc metalliajgso
of Cucumeropsis mannii N. was investigated at 3833K via weight loss, hydrogen evolution and caaienal
techniques using DFT at the B3LYP/6-31G*basis eetll Corrosion rate increased with increase inpienature
both for the free acid and inhibited solutions,hwibarked reluctance to increase in corrosion ratethe inhibited
solutions-reluctancy increasing with increase imcentration of the metallic soap of zinc. Inhibitiefficiency
increased with increase in the concentration ot z@onap. Addition of iodide ions further increaséé inhibition
efficiency indicating synergistic inhibition. Theximum inhibition efficiency of 70.1 % was obtairied10 x 10°

M zinc soap but increased to 85.3 % on additio®.601 M iodide ion. The adsorption was best desctiby the
Langmuir adsorption isotherm from where negativlugs of Gibbs free energy change were obtainecatitig
spontaneity of the adsorption phenomena. Activafimergy was deduced from the Arrhenius equationewnhi
thermodynamic approach was used to elucidate thtbaggy and entropy of adsorption. Quantum chemical
calculations reveal large energy gap between theMiOJand HOMO of the constituent fatty acids indingtia
theoretically significant possibility of adsorptiand mild steel-zinc soap molecules interactionsiefv equation
for temperature coefficient of inhibition efficign@:) was derived and applied for the first time usmglassical
physics concept and negative valuesuofvere obtained and interpreted as indicative of gitgl adsorption
mechanism.

Keywords: adsorption isothermCucumeropsis manniN., metallic soap inhibitors, mild steel, temparat
coefficient of inhibition, zinc metallic soap.

INTRODUCTION

Metal corrosion is a major setback to optimum wytibf metal-based structural materials globally.industries
where acids are used in pickling of iron and stekémical cleansing and processing, ore treatmeehtod well
acidification, acid corrosion has been a parampuoiblem as acids are known to be very corrosive. dtid HSO,
tend to find extensive industrial application. Siracids are highly corrosive, the application dfiitors serves to
reduce the corrosive attack of the metals by tlidsgd]. Corrosion of metals generally occur bggesses relating
to the protective surface oxide, which dissolvelssgantially when the metal is exposed to high eatration of
acids or bases [2]. Once the oxide film become&kéwalown, the base metal surface becomes exposttk to
aqueous corroding medium, which subsequently lemdssequence of electro-chemical reactions. Stmtepses at
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the base metal surface are uniquely dependent erernkironment and usually result in insoluble caxrpthat
increases the rate of metal dissolution [3].

Like most chemical reactions, the rate of corrodimreases with increase in temperature. Therefarkstries
operating processes at elevated temperatures as¢ vatmerable to experiencing great loss of theetaitic

components to corrosion. Usually, acid corroside i metals increases gradually as temperatues fism room
temperature to about 303K, while a sharp increasalts when the temperature is increased to 313kigher

temperatures up to 323K and above, the rate oflngetaosion becomes very high and the need forosion

inhibitors becomes critical. Corrosion inhibitiosually involves the addition of a substance or s&ux®s into any
corroding environment with the intention of deciegsthe corrosion rate of the metal. Therefore,oarasion

inhibitor may loosely be regarded as that substamicieh when added intentionally to an aggressivelioma,

decreases its rate of attack on a metal. Inhib&oesgenerally used to protect materials from dwmttion due to
corrosion [4]. Most of the well-known inhibitorsed in industries are organic compounds having plaltoonds or
containing nitrogen, sulphur, oxygen or phosphahrsugh which they get adsorbed onto the metalasarby
means of their non-bonding electrons [5].

Inhibitors function by adherence to the metal stefthereby retarding metal dissolution by meanadsorption.
This results in the formation of adsorbed film, efhacts as a barrier, isolating the metal fromctireodent [6]. The
nature of inhibitor adsorption and the degree bftition depends on the number and type of adsmrites on the
metal surface as well as the type of interactiomvben the organic molecule and the metal surfaged@rrosion

inhibitors are commonly added to coolants, paifusls, hydraulic fluids, water boiler, engine ois)d many other
fluids used in the industry. The efficiency of ongainhibitors in acid media has been reportedytoesgistically

increase on addition of halide salts to the sotufi@-10]. Several studies have been carried outgusrganic,

inorganic and organometallic compounds, both nhfamd synthetic. Recent trends involve the useitbee crude
characterized extracts of plants stem, leaves,sseedoots. The aim is basically to ensure thatitigbitor is

efficient, cheap, readily available, stable andegreMost inhibitors are usually invented but sciréecorporated
into a system where their functionality could beeatined. However, there seems to be no repaitade in

literature on the use of metallic soaps as inhibitaf metal corrosion. The authors are thereforévaied by this
fact to investigate and we report for the firsteitihe application of metallic soap of zinc as csion inhibitor of

mild steel. Experimental findings have also beeckbd up from theoretically calculated parameteisgu®FT at

the B3LYP/6-31G*basis set level.

Metallic soaps are a group of compounds in whighabid hydrogen or the cation in a long chain masabacid
has been replaced by a metal of the alkaline eartheavy metals series [11]. They have the gerferahula
(RCOO)M, where R is an aliphatic or alicyclic group, aktlis a metal with valence y : £ y < 2. Their
insolubility in water at low temperatures differatés them from ordinary soaps of sodium and patassvhile
their solubility in organic solvents on the othemid, accounts for their application in a wide ranfiéndustrial
products [12-13]. Metal soaps are used for diffemmposes, depending on the type: calcium or alium soaps
are employed as water repellants in water proofigiles and walls [13]; zinc and magnesium stiegrare used in
large quantities by cosmetic industries to incraasesmoothness, adhesion and water repellencgcef &nd baby
powders [12]; linoleates and linolenates of sonamdition metals salts are utilized as driers imtprg inks and
paints industries [14]; etc. Metallic soaps hawwdbeen used as plasticizers and driers in rubdsrebadhesives
[15].

The paint industry is probably the largest userthefhighest volume of metallic soaps. With thesitg out of lead
as the primary drier in paints, metallic soaps ha@eome outstandingly essential a component imtéeufacture
of both emulsion and gloss paints. Soaps of thesitian metals act as driers in paint, while tho$aluminum,
calcium and magnesium function as flattening oelieng agents [16]. Metallic soaps are available carcially
and are offered as solids, liquids or powders. Taeyprepared from fatty acids either by fusiorp@cipitation
processes. The use of paints for metal corrosiatralospans over several centuries, especiallysghagnt. Metallic
soaps, recently, constitute components of thesegpand they have contributed reasonably to impgpthe quality
and acceptability of paints as reported by Essieal [11]. This work is also aimed at determining théibition
effect of one of the components of paints as welnaking recommendations on the efficiency of staponent-
the metal soap. The choice of zinc soap made fretomCucumeropsis mannNaud.) seed oil as inhibitor of mild
steel corrosion is informed by its fatty acid cormsiion namely Palmitic (10.57 %), Stearic (8.33 ®)eic (13.65
%), Linoleic (62.14 %) and Linolenic (5.29 %) ac[d4]. Oxygen atoms is present in their molecuteuctures and
in addition, linoleic and linolenic acids contaiouble bonds, which constitute potential adsorpsites onto the
mild steel surface by the donation of electrontheoempty d-orbital of Iron.
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MATERIALS AND METHODS

2.1Preparation of specimens mild steel

Mild steel sheet (thickness = 0.46mm) used in thdyswere supplied by Sky Aluminium Limited, Uyojderia,
with composition (wt.%): 0.13 C, 0.18 Si, 0.39 Mh60 P, 0.04 S, 0.025 Cu, and bal Fe), were mecéalinicut
into 4.0 cm x 4.0 cm x 0.046 cm dimensions, washedbsolute ethanol and acetone, dried in room ésatpre
and stored in a moisture free desiccator beforie tise in corrosion studies without further polign{17].

2.2Reagents

The corrodent was analytical grade (BDH)S, and the concentration prepared and used was 1Th#inhibitor
(metallic soap of Zinc) was synthesized and chaeramtd according to Essieat al, 2011 [11]. Different
concentrations of the Zn soap used as inhibitartesl were prepared by dissolving respectively appate masses
of accurately weighed sample of the inhibitor inoab5 cni of methanol, vigorously stirred until complete
dissolution, quantitatively prepared in 1.0 M suwlpb acid solution. The concentration of KI usedswia001M and
was prepared from sample supplied by BDH, England.

2.3 Weight loss method

The weight loss measurement was conducted undak itatnersion of the pre-weighed mild steel coupams
250 mL capacity beakers containing about 30 mlheftest solution. The coupons were retrieved atl2shinterval
progressively for 10 hours, washed thoroughly i#%62aOH solution containing 200 g/L of zinc dust (A% G1-
72, 1990) with thistle rush, rinsed convincinglydistilled water, cleaned, dried in acetone, andieghed using a
FA2104A digital weighing balance with sensitivity ®0001g. The differences in the weights of thednsieel
couponsab initio and after immersion in different test solutiongeveecorded as the weight loss. This was repeated
for the different temperatures 303 - 333 K. To easeproducibility, experiments were carried outriplicates and
the standard deviation values among parallel ta@pi experiments were found to be smaller than iBélcating
reliability and reproducibility, and the mean vaua the weight loss data were used for furtherpatations.

The corrosion rate was calculated from the weigss data using the relationship:

CR = AWAT (1)

whereCR (mgcnih™) is the corrosion ratedw (g) is the weight loss of the mild steel in thetteolutionsA (cnf)
is the surface area of the coupons @n@) is the total immersion time. The inhibitiorfiegiency, | (%), was then
computed using the equation:

% 1, =100 CR,— CR)/ CR, (2)

WhereCR,andCR are the corrosion rates in the absence and preséiive inhibitor respectively aréd I, is the
percentage inhibition efficiency using weight lassthod. The degree of surface coveradeof the active sites of
the inhibitor molecules on the metal surface wae abmputed using the relationship:

=1 (%)/100 3

2.4 Gasometric Method

Hydrogen evolution measurement was performed ugaspmetric assembly. Detailed description of trseibly
has been reported elsewhere [18]. The procedulesedl was similar to that reported by other autii®]. The
progress of corrosion in the absence and presehtastoinhibitor was monitored by careful measuretaf the
volume of hydrogen gas evolved at fixed time inédsy The experiment was performed for 1.0 M58, (blank)
and for the solutions containing different concatitns of the Zn-soap at 303 — 333 K maintainechgus
thermostated water bath. Hydrogen evolution raté{Rvhich can be correlated to the mild steel cooosate was
computed based on the volume of hydrogen gas evaising the expression:

RV = (V1= Vo) / (T1 - To) (4)

whereV; andV, are volumes of hydrogen evolved at timeand T, respectively. The inhibitioefficiency (%l )
was computed using the equation:

% Iy = L00RViy(plank) — R Vi(inhiny)/ R Vii(blank) (5)
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where RVypianky @and RViygnniny are the rate of hydrogen evolution in the abserud gresence of the Zn-soap
respectively.

2.5 Quantum Chemical Computation

Density Functional Theory (DFT) at the B3LYP/6-3164sis set level using Spartan 10 wave functiockpge
was used to carry out quantum chemical calculatidhdl geometry optimization, electronic excitati@md
vibrational analyses of the optimized structurestfee fatty acid composition of the metallic sodpzmc (viz
palmitic, linolenic, linoleic, stearic and oleic idcas neutral molecules. Relevant parameters waleulated
theoretically which will be used to describe thkiltor-metal interactions.

RESULTS AND DISCUSSION

3.1Weight loss experiment

Weight loss data determined at the end of 10 hdeums interval in the absence and presence of diffier
concentrations of the Zn-soap were used to caketihet corrosion rates and the values of inhibiéffitiencies and
degree of surface coverage for the inhibition ofdnsteel corrosion in 1.0 M $30, at 303 - 333 K as provided by
equations 1 - 3. The corrosion rate decreased imndiieasing inhibitor concentration but increasethvicrease in
temperature. Table 1 shows the corrosion ratesrdmition efficiencies under the stated conditior inhibition
efficiency of 71.0 % and 57.7 % were obtained for highest concentration of the Zn-soap (10 mg{L308 and
333K respectively. This may be ascribed to the guiigm of the Zn-soap onto the mild steel surfacéha metal-
acid interface. The high inhibitive performance Zsf-soap even at high temperatures suggests a higimeting
ability of the inhibitor to the mild steel surfapeobably due to the large molecular structureseffatty acids that
constitute the Zn-soap and enhanced solubilitynateased temperature. The addition of 0.001 M Kth&r
increased the % to 85.3 and 75.7 for the highest concentrationthef inhibitor at 303 and 333 K respectively,
indicating synergistic inhibition by the halide ®rThe inhibition efficiencies obtained for weidbss and hydrogen
evolution methods were comparable hence only vdtreseight loss has been used for calculations.

Table 1 (a): Corrosion rates and Inhibition efficiencies for the inhibition of mild steel corrosion in1.0 M H,SO; in the absence and
presence of different concentrations of Zinc soapl@ne at 303 - 333 K using weight loss technique

Inhibitor conc. Corrosion rate (CR) (mgcfh™) Inhibition Efficiency (%l)
(mg/L) 303K | 313K| 323K]| 333K| 303K 313K 323K 333K
2 0.717 | 2.154 | 7.210 | 11.891| 59.7 55.4 | 53.6 | 494
4 0.674 | 1.990 | 6.915 | 11.703| 62.1 | 58.8 | 55.5 | 50.2
6 0.619 | 1.922 | 6.698 | 11.139| 65.2 60.2 | 56.9 52.6
8 0.579 | 1.734 | 6.630 | 10.551| 67.5 64.1 | 59.4 | 551
10 0.532 | 1.565 | 5.920 | 9.940 | 70.1 67.6 | 619 | 57.7
Blank 1.780 | 4.830 | 15.540| 23.500 - - - -

Table 1 (b): Corrosion rates and Inhibition efficiencies for the inhibition of mild steel corrosion in1.0 M H,SO, in the absence and
presence of different concentrations of Zinc soaplénded with 0.001 M Kl at 303 -333 K using weightdss technique

Inhibitor conc. Corrosion rate (CR) (mgcfh™) Inhibition Efficiency (%l)
(mg/L) 303K | 313 K| 323K| 333K| 303K 313k 323 333K
2 0.501 | 1.478 | 5563 | 9.330 | 71.8 69.4 | 64.2 60.3
4 0.438 | 1.323 | 4.910 | 8.296 75.4 72.6 68.4 64.7
6 0.361 | 1.140 | 4.226 | 7.449 79.7 76.4 72.8 68.3
8 0.301 | 0.966 | 3.636 | 6.392 | 83.1 | 80.0 | 76.6 72.8
10 0.262 | 0.845 | 3.201 | 5.711 85.3 82.5 79.4 75.7
Blank 1.780 | 4.830 | 15.540| 23.500 - - - -

Inhibitor conc.| Corrosion rate (CR) (mgcfh™) Inhibition Efficiency (%l)
(mg/L) 303K | 313K]| 323K| 333K 303K 313K 323K 333K
2 0.239 | 0.348 | 0688 | 1.312 | 58.7 | 56.0 | 54.1 | 50.5
4 0.211 | 0.320 | 0.659 | 1.288 | 63.6 | 59.5 | 56.1 | 51.4
6 0.197 | 0.297 | 0.637 | 1.240 | 66.1 | 624 | 57.5 | 53.2
8 0.190 | 0.279 | 0.618 | 1.192 | 67.2 | 64.6 | 58.8 | 55.0
10 0.171 | 0.251 | 0.568 | 1.129 | 70.5 | 68.2 62.1 | 574
Blank 0.580 | 0.790 | 1.500 | 2.650 - - - -
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Table 1 (c): Corrosion rates and Inhibition efficiencies for the inhibition of mild steel corrosion in1.0 M H,SO, in the absence and
presence of different concentrations of Zinc soaplene at 303 -333 K using hydrogen evolution technig
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Table 1 (d): Corrosion rates and Inhibition efficiencies for the inhibition of mild steel corrosion in1.0 M H,SO, in the absence and
presence of different concentrations of Zinc soaplénded with 0.001M Kl at 303 -333 K using hydrogeevolution technique

Inhibitor conc.| Corrosion rate (CR) (mgcfh™) Inhibition Efficiency (%l)
(mglL) 303K | 313K]| 323K| 333K 303K 313K 323K 333K
2 0.169 | 0.245| 0.549 | 1.073 | 709 | 69.0 | 63.4 | 59.5
4 0.144 | 0.219 | 0463 | 0.927 | 723 | 713 69.1 | 65.0
6 0.124 | 0.188 | 0.412 | 0.848 | 78.7 | 76.2 725 | 68.0
8 0.099 | 0.162 | 0.358 | 0.745 | 829 | 79.5 76.1 | 719
10 0.081 | 0.141 | 0.303 | 0.657 | 86.0 | 82.2 79.8 | 75.2
Blank 0.580 | 0.790 | 1.500 | 2.650 - - - -

3.2Adsorption Considerations

Several mechanisms have been proposed as deseiiptikie adsorption of organic molecules onto aatmirface.
The mechanism of adsorption of Zn soap onto the stiéel surface would be similar that reported 28].[ If a
molecule/ion Mis adsorbed on the steel surface, a surface coniptexorms in the anodic process, and the
complex is then desorbed from the surface accoririge equations:

Fe + M «— (FeM)s ©)
(FeM)s <«—» (FeM) (8)
FeM' <«—» Fe" + M (10)

where ‘s’ represents a species (ion or compoundheisurface. Obviously, the degree of inhibitidrthe metal
corrosion or retardation of its dissolution in tggressive medium will be dependent on the stahifithe ion or
complex formed at the surface. The inhibitor moledunctions by blocking the active sites on thefaze of the
metal, thereby reducing the corrosion rate. In@dasconcentration of the Zn-soap increases theuainof the
surface complex formed, resulting in greater irtiobi of the corrosion process. In other to ascertand
guantitatively describe certain parameters assetiatith the adsorption behavior of the zinc so#g, surface
coverage data obtained from the corrosion ratéénpresenceCR, and absencé&R,, of the inhibitor in the acid
solution, were fitted into adsorption isotherms dahd model that best fits the adsorption process wsed to
describe the adsorption process from the&ues of the linear plots. The models attempteteviFrumkin, Temkin,
Langmuir, Freundlich, Florry-Huggins and El-Awady al adsorption models. These models, in their resgecti
ways, are described by the equation

f(0,x) exp (-28) =k C (11)

wheref(0, x) represents the configuration factor and depemdthe physical model and the assumptions uridgrly
the derivation of the modefl is the degree of surface covera@ejs the concentration of the inhibitor in the
aggressive mediunx, is the size ration,a’ is the molecular interaction parameter &rid the equilibrium constant
of the adsorption process. The adsorption of Zrpswas by far best described by Langmuir model whgh
associated with description of the ideal physicad ahemical adsorption process, and where no ttieraexists
between the adsorbate and the adsorbent. Accamlithg model,

Cl0 = 1Kags+ C (12)

Linear plots of J against C for Zn-soap alone and Zn- soap blenddgd0M01M KI for weight loss measurement
should yield an intercept ofAnd as depicted in figure 1 below.

Ideally, these plots should yield unit slopes. Tihearity of the plots above may be taken to medsat Zn-soap
adsorption obeys the Langmuir model, but the camaile deviation of the slopes from unity showst tie

isotherm cannot be strictly applied in the deswiptof adsorption parameters. This deviation fromity is

attributed to interactions between adsorbate spamethe metal surface as well as changes in therptibn heat
with increasing surface coverage [11]. Thereformaalified Langmuir equation suggested elsewherg g2&%n in

equation (13) below that takes care of this demminay be used:

Cl0 = nKygs+ NC 13§
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Fig. 1 (a): Langmuir adsorption isotherm for the irhibition of mild steel corrosion in 1.0 M H,;SO; in the presence of different
concentrations of metallic Zn-soap at 303 -333 K
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Fig 1 (b): Langmuir adsorption isotherm for the inhibition of mild steel corrosion in 1.0 M SO, in the presence and absence of
different concentrations of metallic Zn-soap blendé with 0.001 M Kl at 303 -333 K

The relationship betwedfy,4s and free energy of adsorptiohG* .45) is given by
K =0.018 exp AG*,¢/RT) (14)
where 0.018 is the reciprocal of 55.5 which repmesthe concentration of water ahds the operating temperature

Table 2 shows the adsorption parameters deducsadtfre Langmuir isotherm.

Table 2: Langmuir adsorption parameters for Zn soapand Zn soap in 0.001M KI at different temperatures

Temp (K) | Kus | -AGaakImolh)
303 3.217 43.10
313 2.508 41.03
323 3.512 43.83
333 2.948 42.37

Zn soap + 0.001M KI
303 2.989 42.49
313 2.941 42.35
323 2.379 40.59
333 2.200 39.94

Adsorption of organic molecules onto metal surfacesy occur by electrostatic interaction betweenrgba
molecules and the charged metal surface; it maya@dsur by interaction of unshared electron pairthé molecule
and the metal or by interaction mfelectrons of the molecules with the metal, or btthany case, the strength of
interaction between the adsorbate and the adsoibesften revealed in the values of the adsorptieserption
equilibrium constantK.qs. The largeK,qs values obtained denote efficient adsorption and thetter inhibition
efficiency, while the positive values obtained mizgy ascribed to appreciable strengths of Zn soarld- steel
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interaction as a function of temperature. The caegpiree energy of adsorption valud&’,,s were negative,
indicating spontaneous nature of adsorption of Zhesoap onto the metal surface, and the valueseagith
physical adsorption mechanism arising from intecacbetweenrr-electrons of inhibitor molecules with the d-
orbital electrons of the metal [22].

3.3 Quantum Chemical Computation Details

Density functional theory (DFT) is a useful took forobing the interaction between an inhibitor @ahd metal
surface and also for analyzing the experimentad.dBherefore it was employed in order to explaipezimental
results obtained and further gain insight into it@bitory action and mechanism of the zinc metafioap at the
acid-mild steel interface. The optimized geomefryhe constituents of fatty acids are shown in ffigl. Figures 3
and 4 show the highest occupied molecular orbit®DNIO) density and lowest unoccupied molecular aibit
(LUMO) density respectively of the fatty acid cahstnts of the metallic soap using DFT at the B3[6&¢B1G*
basis set level. The density of the fatty acid taments is shown in figure 5. Tables 3, 4 and akow some
molecular properties, Mullikan charge distributiamd bond order respectively of the fatty acid ctunents
calculated using DFT at the B3LYP/6-31G* basislegtl. Using the same set, the orbital energietheffatty
acids are shown in figure 6 while the infrared sgeof the fatty acids are shown in figure 7.

The reactivity of a given inhibitor molecule haseheassociated with its molecular orbital, namel@ND and
LUMO. The higher the HOMO energy (Ewo) for a given molecule, the higher the ability bétmolecule to donate
electrons to an appropriate acceptor having lowgnempty molecular orbital, hence the adsorptiorttee metal
surface by means of electrons. Eyvo is associated with electron accepting tendency ofolecule. The energy
difference or band-gapAE = Eymo-Enowmo), calculated is shown in Table 3. It can be sé&ah palmitic acid ( %
composition = 10.57) and stearic acid (% compositi 8.33) possess the highest difference in dréitargy AE)
with a value of 7.76 eV followed by oleic acid [(@mposition = 13.65),(6.67 eV)], linolenic acid [@émposition
= 13.65),(6.64 eV)] and linoleic acid [(% compamiti= 62.14),(6.63 eV)]. The HOMO and LUMO densitere/
mainly concentrated on the oxygen atoms, double®amd the carbonyl functional groups. It is themrefexpected
that the vacant orbitals of the iron will accepattons from these groups on the inhibitor constits. Also, the
band-gap values obtained [being reasonably low] rbay associated with high chemical reactivity, high
polarizability, low kinetic stability and softness the fatty acid molecules [27]. The infra-red cjpa of the
constituents reveal possible major absorptionsaaelengths corresponding to carbonyl group, alipka®H group
and C=C bonds, which suggests that these functgnoaips constitute the adsorption sites of thebiidyi onto the
metal surface.

The dipole moment of each of the fatty acid phy&oultals were also calculated. Dipole moment is lisua
associated with non-uniform distribution of chargesthe various atoms in a molecule which makeséful for
studying intermolecular interactions such as vanwaals type, dipole-dipole forces, etc [27]. Thdained values
are in the range 1.24 - 1.78 debye (4.13 — 5.98% €m) and are less than that of water (6.23 X°@@m) which
supports the weakness in the force of attractiehtemce the physical adsorption mechanism eanggrgsed.

3.4 Temperature Coefficient of Inhibition Efficiency

A new approach to characterizing the mechanisndsbiption of inhibitors is being proposed i.e. fremperature
coefficient of inhibition efficiency. Temperatureefficient of inhibition efficiency is quantitatilxedefined here as
the degree of responsiveness of inhibition efficieto changes in temperature. A linear relationshigssumed to
exist between temperature change and the changkhiloition efficiency for a given concentration thie inhibitor in
an aggressive medium. From our definition, supgbeenhibition efficiency at an initial temperaturg is lo, and
the inhibition efficiency at a new temperaturgid |+, then the fractional change in inhibition efficdgnper initial
inhibition efficiency per Kelvin rise in temperatuis described as the temperature coefficient obs@n inhibition
efficiency, U, such that

(It —1)IAT = (15)
This equation rearranges to become
ITzlolJAT+|0 (16)

A plot of I+ against change in temperatufd,, therefore should yield a straight line with slopgual tolgu and
intercept equal tdy as shown in figure 8 below. This equation is detiwesing the concept of temperature
coefficient of resistance [a popular concept osieal physics] where the extent of change in t@sie of a wire
with measureable changes in temperature has bestitgtively defined. Table 6 shows the calculatallies of pu
for the inhibition of mild steel corrosion by difent concentrations of zinc soap in the sulphucid aolution both
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in the absence and presence of 0.001 M KI. Thetivegaalues of u so obtained indicate decreasaliibition
efficiency with increase in temperature. This olsaton is not reported anywhere in the field butdéssistent with
physical adsorption mechanism.

Table 6: Temperature coefficient of inhibition efficiency

Conc (mg/L) 2 4 6 8 10
Zn soap alone -0.547 -0.637 -0.680 -0.621 -0.612
Znsoap + 0.001 MKI -0.553 -0.481 -0.474 -0.413 .37@
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Fig 3 (a): Plot of I+ againstAT for the inhibition of mild steel corrosion in 1.0M H,SO, by different concentrations of Zinc soap at 303 -
333K
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Fig 3 (b): Plot of I+ againstAT for the inhibition of mild steel corrosion in 1.0M H,SO, by different concentrations of Zinc soap blended
with 0.001 M Kl at 303 -333 K

3.4 Kinetic and Thermodynamic Consideration
Arrhenius equation provides a mathematical deperydeertween the reaction rates (this time, corrosaie) and
temperature as follows:

log CR= LogA —EJ/2.30RT (17)

whereCR s the corrosion ratd is the Arrhenius pre-exponential constddts the molar gas constant, ahds the
absolute temperature. A plot of I&R against IT produces straight lines (figure 9) with slope -a8.42.30R) and
intercept as logA. Activation parameters calculated from the plot digplayed in table 7. The transition state
equation (18) afforded thermodynamic parametetd€t®) such as enthalpy change{*.qs and entropy change,
AS* 45 from a plot of logCR/T versus IT shown in figure 10.

v = RT/INh expASt 20dR) exp(A H* ,¢RT) (18)

whereN is the Avogadro’s number arddis the planks constant. The enthalpy was caladlfiteam the slope &
H* ,442.303R ) while the entropy was calculated from the intptddn( R/Nh )+ (AS*,4d2.30R)} of the plot.
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On the basis of effects of temperature, inhibitage been categorized into three viz:

() Inhibitors showing a decrease% | with increase ifT; Ea(uninhibited)> Ea(inhibited);

(ii) Inhibitors showing no change # | with variation inT; Ea does not change with the presence and absence of
inhibitors, and

(i) Inhibitors showing increase ¥ | with increase iT; Ea(uninhibited)> Ea(inhibited)

A decrease in % | with increase in temperature wlatsined and may be ascribed to a shift in the ratiso-
desorption equilibrium towards desorption of adsdrbnhibitor due to increased solution agitatio2][2This
observation suggests that the adsorption of theaap onto the steel surface is physical in natarariably, an
increase in solution temperature decreases the eruofbadsorbed inhibitor molecules, resulting irpragiable
desorption and thus, a decrease in inhibition iefficy.

Inhibitors may affect the inhibition efficiency itwo possible mechanisms: either by decreasing thdable acid
attack surface area of the metal (geometric blagkiifiect) or by modifying (increasing) the actieatienergy of the
anodic or cathodic reactions occurring in the iftbibfree surface [24]. The higher activation enesgdepict
increased energy barrier, slow reaction and seitgitif reaction rate to temperature variationsy$tal adsorption
is associated with largeraBvalues of the inhibited solution than that of finee acid solution [25]. Therefore,
decrease i | with increasing temperature ane Enhibited) > Ea (free acid solution) probably shows that Zn-
soap inhibited the acid corrosion process via miaysidsorption. As concentration of Zn-soap in@eathe number
of molecules per volume of solution increases,rtbmber of active sites on the metal surface “blgetkeby the
inhibitor molecule increases, thus raising the mimin energy required by the acid to attack thoses qite. B),
with the possibility of formation of adsorptiverfilwith electrostatic character.

Like Ea, the AH.qs increases with increase in concentration of thebitdr. The negative values denote the
exothermic nature of the adsorption process. Thgtiee entropy AS) increases gradually with the presence of
the inhibitor compared to that of the uninhibitealusion, indicating the formation of ordered statdser of
inhibition on the steel surface [22, 26].

2 -
@ Blank
1.5 -
L 2 m2
¢ 4
1 .
X6
S X8
S 05 -
k) 10
0 , . |
%19 3.1 3 1000/T (1/K)
0.5 - é
1 -

Fig 9 (a): Arrhenius plot for the adsorption behavor of different concentrations of metallic soap ofinc at sulphuric acid-mild steel
interface at 303 — 333 K
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Fig 9 (b): Arrhenius plot for the adsorption behavbr of different concentrations of metallic soap ofinc containing 0.001 M KI at
sulphuric acid-mild steel interface at 303 — 333 K
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Fig 10 (a): Transition state plot for the adsorptian behavior of different concentrations of metallicsoap of zinc at sulphuric acid-mild
steel interface at 303 — 333 K

Table 7: Kinetic/ Thermodynamic Parameters

Systems Ea (kJ/mol) | A (x 10%) | AHags(kd/mol) | AS.s(kd/mol)
Blank 7.41 8.00 -3.03 -234.79
2mg/L Zn soap 8.02 3.05 -3.37 -247.37
4Amg/L Zn soap 8.17 2.75 -3.43 -247.70
6mg/L Zn soap 8.29 2.51 -3.46 -247.91
8mg/L Zn soap 8.31 2.37 -3.52 -248.28
10mg/L Zn soap 8.40 2.11 -3.53 -248.79
2mg/L Zn soap + Kl 8.40 2.00 -3.57 -248.99
4mg/L Zn soap + Kl 8.44 1.74 -3.58 -249.61
6mg/L Zn soap + KI 8.61 1.43 -3.63 -250.11
8mg/L Zn soap + Kl 8.75 1.15 -3.66 -250.73
10mg/L Zn soap + Kl 8.80 1.01 -3.69 -251.27
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Fig 10 (a): Transition state plot for the adsorptian behavior of different concentrations of metallicsoap of zinc containing 0.001 M Kl at
sulphuric acid-mild steel interface at 303 — 333 K

CONCLUSION

On the basis of this study, the following conclusidvave been drawn:

» The Zn-soap acts as an effective and efficientbitdi for mild steel corrosion in sulphuric acid diem at all
temperatures studied, being a better inhibitoi0&t B

» Corrosion rate increases as temperature incréadlsn the absence and presence of the inhibitdrdecreases
further in the presence of the inhibitor.

* Inhibition efficiency of Zn-soap increases with ti@ease in its concentration but decreases with &seren
temperature

 Addition of iodide ions further increased inhibitiefficiency and thus reduced the corrosion rate.

e The corrosion inhibition is probably due to the ags$ion of the inhibitor on to the mild steel suéaand thus
blocking the corrosion active sites by the physamgorption mechanism

e The inhibition of mild steel corrosion by Zn-soapegys modified Langmuir adsorption model at all the
concentrations and temperatures studied

» The values of entropy of adsorption obtained ingicgpontaneous adsorption and the instability efatisorbed
layer

» The adsorption process is exothermic as implichiethe values of the enthalpy of adsorption andetl® more
than one molecule of the fatty acids in the Zn-soequpying the active sites of the metal at theatratid interface.
» The adsorption sites of the inhibitor constituteginty the carbonyl group, -OH group and C=C in thelecular
structure of the fatty acid constituents of thebitbr

» Temperature coefficient of inhibition efficiencyasreliable approach to elucidating the mechanafradsorption
of an inhibitor

* Metallic soap of zinc is a recommended additive casrosion inhibitor for metal paints and polishes
manufacturers as well as other chemical and petrogfal industries.

The equations 15 -16 above were derived and apfaiettie first time by one of the authors (Ekeniniltuen). It is
dimensionally consistent and should be referreastekemini Ituen’s temperature coefficient of inhititiefficiency
equationat anytime it is applied.
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Figure 2 (a): Optimized structure of stearic acid sing DFT at the B3LYP/6-31G*basis set level

Figure 2 (b): Optimized structure of linoleic acidusing DFT at the B3LYP/6-31G*basis set level
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Figure 2 (c): Optimized structure of linolenic acidusing DFT at the B3LYP/6-31G*basis set level

Figure 2 (d): Optimized structure of palmitic acid using DFT at the B3LYP/6-31G*basis set level

Figure 2 (e): Optimized structure of oleic acid usig DFT at the B3LYP/6-31G*basis set level
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Figure 3(a). The highest occupied molecular orbitajHOMO) density of stearic acid using DFT at the BRYP/6-31G*basis set level

Figure 3(b): The highest occupied molecular orbita(HOMO) density of linoleic acid using DFT at the BLYP/6-31G*basis set level
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Figure 3(c): The highest occupied molecular orbita(HOMO) density of linolinic acid using DFT at theB3LYP/6-31G*basis set level

Figure 3(d): The highest occupied molecular orbita(HOMO) density of palmitic acid using DFT at theB3LYP/6-31G*basis set level

Figure 3(e): The highest occupied molecular orbitafHOMO) density of oleic acid using DFT at the B3LY/6-31G*basis set level
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Figure $(a): The Lowest unoccupied molecular orbite(LUMO) density of stearic acid using DFT at the BLYP/6-31G*basis set level

Figure 4(b): The Lowest unoccupied molecular orbita(LUMO) density of linoleic acid using DFT at theB3LYP/6-31G*basis set level
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Figure 4(c): The Lowest unoccupied molecular orbite(LUMO) density of linolenic acid using DFT at theB3LYP/6-31G*basis set level

Figure 4(e): The Lowest unoccupied molecular orbita(LUMO) density of oleic acid using DFT at the B3LYP/6-31G*basis set level
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Figure 5(a). The density of stearic acid using DF&t the B3LYP/6-31G*basis set level

Figure 5(b): The density of linoleic acid using DFTat the B3LYP/6-31G*basis set level

Figure 5(c). The density of linolenic acid using DF at the B3LYP/6-31G*basis set level
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Figure 5 (d): The density of palmitic acid using DF at the B3LYP/6-31G*basis set level

Figure 5(e): The density of oleic acid using DFT ahe B3LYP/6-31G*basis set level

Table 3(a): Some molecular properties of stearic &t calculated using DFT at the B3LYP/6-31G* basiset level

MOLECULAR PARAMETER | CACULATED VALUE (eV)
E(Homo) -7.47

Eumo) 0.29

AE 7.76

TOTAL ENERGY -23348.68936
DIPOLE MOMENT 1.26 Debye

Table 3(b): Some molecular properties of linoleic @d calculated using DFT at the B3LYP/6-31G* basiset level

MOLECULAR PARAMETER | CACULATED VALUE (eV)

Egomo) -6.30
ELumo) 0.33

AE 6.63
TOTAL ENERGY -23281.75265
DIPOLE MOMENT 1.78 Debye

45
Pelagia Research Library



Ekemini B. ltuen et al

Adv. Appl. Sci. Res., 2014, 5(3):26-53

Table 3(c): Some molecular properties of linoleniecid calculated using DFT at the B3LYP/6-31G* basiset level

MOLECULAR PARAMETER

CACULATED VALUE (eV)

E(HOMO) -6.31
Equmo) 0.33
TOTAL ENERGY -23249.5177
AE 6.64
DIPOLE MOMENT 1.32 debye

Table 3(d): Some molecular properties of palmitic eid calculated using DFT at the B3LYP/6-31G* basiset in ethanol

MOLECULAR PARAMETER

CACULATED VALUE (eV)

Eomo) -7.46
Equmo) 0.30
AE 7.76

TOTAL ENERGY

-21209.30056

DIPOLE MOMENT

1.28 debye

Table 3(e): Some molecular properties of oleic acichlculated using DFT at the B3LYP/6-31G* basis sdevel

MOLECULAR PARAMETER

CACULATED VALUE (eV)

Eomo) -6.43
Equmo) 0.24
AE 6.67
TOTAL ENERGY -23316.43
DIPOLE MOMENT 1.40 debye

Table 4 (a): Mullikan charge distribution of stearic acid calculated using DFT at the B3LYP/6-31G* bas set level

ATOM C1 o1 02 H2 Cc2 H1 H4 C3 H5 H6
CHARGE | +0.579| -0.464] -0.569 +0.4Q7 -0.3%4 +0.171 .1#9| -0.252| +0.154 +0.13p
ATOM C4 H3 H7 C5 H9 H10 C6 H8 H11 C7
CHARGE | -0.262| +0.122 +0.152 -0.254 +0.183 +0.132 .258 | +0.125| +0.129 -0.26
ATOM H12 H13 C8 H14 H15 C9 H16 H18 C10 H17
CHARGE | +0.128| +0.124 -0.253 +0.125 +0.1p7 -0.259 .139| +0.127| -0.254 +0.12b
ATOM H19 cl H20 H22 Cl12 H21 H23 C13 H25 H26
CHARGE | +0.126] -0.253 +0.133 +0.147 -0.2%5 +0.126 .126| -0.260| +0.12§ +0.128
ATOM Ci4 H24 H27 C15 H29 H30 C16 H28 H31 C1y
CHARGE | -0.254| +0.127 +0.12y -0.260 +0.126 +0.137 .246 | +0.125| +0.125 -0.247Y
ATOM H32 H34 C18 H33 H35 H36

CHARGE | +0.130f +0.130 -0.441 +0.140 +0.141 +0.141

Table 4(b): Mullikan charge distribution of linolei ¢ acid calculated using DFT at the B3LYP/6-31G* bas set level

ATOM C1 o1 02 H2 Cc2 H1 H4 C3 H3 H5 C4
CHARGE | +0.577| -0.462] -0.572 +0.4Q07 -0.3%5 +0.173 .1#0| -0.249| +0.149 +0.15 -0.258
ATOM H6 H8 C5 H7 H9 C6 H10 H12 Cc7 H1l H13
CHARGE | +0.128| +0.12§ -0.254 +0.131 +0.131 -0.254 .12D| +0.127| -0.253 +0.13 +0.142
ATOM C8 H14 H16 C9 H17 C10 H15 Cl1 H1§ H14 Clp
CHARGE | -0.302| +0.13§ +0.135 -0.103 +0.118 -0.094 .119| -0.348| +0.145 +0.14 -0.100
ATOM H21 C13 H20 Cl4 H22 H23 C15 H24 H24 C16 H2b
CHARGE | +0.119| -0.097] +0.11y -0.304 +0.189 +0.136 ,258 | +0.135| +0.134 -0.24 +0.126
ATOM H27 C17 H29 H30 C18 H28 H31 H32

CHARGE | +0.126| -0.248 +0.130 +0.130 -0.433 +0.140 .14D| +0.147

Table 4 (c): Mullikan charge distribution of linolenic acid calculated using DFT at the B3LYP/6-31G* hsis set level

Pelagia Research Library

ATOM C1 o1 02 H2 C2 H3 H4 C3 H1 H5

CHARGE | +0.576] -0.462] -0.571 +0.407 -0.3%4 +0.174 .1¥8| -0.251| +0.148 +0.156
ATOM C4 H7 H8 C5 H6 H10 C6 H1l H12 Cc7

CHARGE | -0.60 | +0.127 +0.128 +0.258 +0.129 +0.134 259.| +0,138| +0.12§ -0.25f
ATOM H9 H13 Cc8 H15 H16 C9 H14 C10 H20 C1]
CHARGE | +0.130f +0.134 -0.30% +0.132 +0.142 -0.082 .129| -0.260| +0.114 -0.34

ATOM H18 H22 C12 H21 C13 H23 Cl4 H26 H2§ C15
CHARGE | +0.151| +0.144 -0,09% +0.124 -0.097 +0.124 .340 | +0.147| +0.15] -0.122
ATOM H27 Cl6 H31 Cl7 H29 H34 C18 H33 H35 H36
CHARGE | +0.114| -0.079] +0.12y -0.297 +0.140 +0.137 .439 | +0.142| +0.143 0.149
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Table 4 (d): Mullikan charge distribution of palmitic acid calculated using DFT at the B3LYP/6-31G* bsis set level

Figure 6 (a): Orbital energies (HOMO and LUMO) of gearic acid using DFT at the B3LYP/6-31G*basis sdevel

Pelagia Research Library

ATOM C1 o1 02 H2 c2 H1 H4 C3 H5 H6
CHARGE | +0579] -0.464 -0568 +0.4d7 -0.354 +0.170 .1#0| -0.252| +0.15§ +0.13[
ATOM c4 H3 H7 C5 H9 H10 C6 H8 H11 C7
CHARGE | -0.261| +0.124 +0.151 -0.261 +0.183 +0.133 .258 | +0.126] +0.13d -0.26
ATOM H12 H13 cs8 H14 H15 C9 H16 H18 C10 H17
CHARGE | +0.129| +0.128 -0.25%5 +0.146 +0.126 -0.255 .14D| +0.125| -0.255 +0.126
ATOM H19 c11 H21 H22 C12 H20 H24 Cc13 H24 H2¢
CHARGE | +0.127| -0.254 +0.126 +0.146 -0.256 +0.124 .13D| -0.255| +0.127 +0.12f
ATOM Cl4 H23 H27 C15 H28 H30 C16 H29 H31 H3%
CHARGE | -0.247| +0.125 +0.126 -0.247 +0.183 +0.129 .44D | +0.141| +0.143 +0.13p
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Figure 6 (b): Orbital energies (HOMO and LUMO) of linoleic acid using DFT at the B3LYP/6-31G* basiset level
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Figure 6 (c): Orbital energies (HOMO and LUMO) of linolenic acid using DFT at the B3LYP/6-31G*basis ddevel
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Figure 6 (d): Energies orbital (LUMO and HOMO) of palmitic acid using DFT at the B3LYP/6-31G*basis &t level
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Figure 6 (e): Orbital energies(HOMO and LUMO) of okic acid using DFT at the B3LYP/6-31G* basis setvel
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Figure 7(a): Infra-red spectra of stearic acid usig DFT at the B3LYP/6-31G* basis set level
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Figure 7(b): Infra-red spectra of linoleic acid ushg DFT at the B3LYP/6-31G* basis set level
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Figure 7(c): Infra-red spectra of linolinic acid usng DFT at the B3LYP/6-31G* basis set level
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Figure 7(d): Infra-red spectra of palmitic acid ushg DFT at the B3LYP/6-31G* basis set level
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Figure 7 (e): Infra-red spectra of oleic acid usindFT at the B3LYP/6-31G* basis set level
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