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Abstract

The inhibition of the corrosion of mild steel indrgchloric acid solution by the fruits extract diighjan Moringa
oleifera), Pipali Piper longum) and Orange Citrus aurantium) has been studied using weight loss, electroctamic
impedance spectroscopy, potentiodynamic polarizatiod linear polarization techniques. Inhibitionswiaund to
increase with increasing concentration of the extrbhe effect of temperature, immersion time acid aoncentration
on the corrosion behavior of mild steel in 1 M H@th addition of extract was also studied. The agson of the
extract on the mild steel surface obeyed the Lamgausorption isotherm. Values of inhibition efécicy calculated
from weight loss, potentiodynamic polarization, asléctrochemical impedance spectroscopy (EIS) argoiod
agreement. Polarization curves showed that fruitsaet behaves as a mixed-type inhibitor in hydtogb acid. The
activation energy as well as other thermodynamieupaters for the inhibition process was calculaidwe adsorbed
film on mild steel surface containing fruits extragas also measured by Fourier transform infraggecsoscopy
(FTIR). The results obtained showed that the frekiact could serve as effective inhibitor of tteerosion of mild
steel in hydrochloric acid media.
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1. Introduction

Inhibitors are frequently used for controlling amsion of metals and alloys in acidic media for reging scales and
rusts in metal finishing industries, cleaning ofilxe and heat exchangers. Use of inhibitors is oh¢he most
practical methods for protection against corrogspecially in acid solutions to prevent unexpectedal dissolution
and acid consumption [1, 2]. The known hazardodiscefof most synthetic corrosion inhibitors have tivated
scientists to use naturally occurring producte@sosion inhibitors as they are inexpensivedilgaavailable and
renewable sources of materials, environmentalgnfily and ecologically acceptable [3,4].

Up till now saps of certain plant leaves suchviasraya koenigii, Embilica officianilis, Terminalia chebula,
Terminalia belivia, Sapindus trifolianus , Accacia conicianna ,Swertia angustifolia. Eugenia jambolans, Pongamia
glabra, Annona sguamosa ,Accacia Arabica ,Occimum viridis, Telferia occidentalis, Carica papaya, Azadirachta
indica Vernonia amydalina, Nypa fructicans wurmb Ricimus communis coriandey hibiscus, Eucalyptus, aniblack
cumin and garden cress have been studied for theston inhibition of mild steel in acid media [3]1Some of the
fruits such as Tobacco, castor oil fruits, acapian and lignin along withPapaia, Poinciana pulcherrima, Cassia
occidentalis and Datura stramonmium have also been used as efficient corrosion intribior steel [12-16].The
anticorrosion activity of onion, garlic and bittgourd for mild steel in acid media showed good Itesstudied. Oil
extracts of Ginger, jojoba, eugenol, acetyl-eugemolemisia oil and Mentha pulegium are used for corrosion
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inhibition of steel in acid media [17, 18].Sapsceftain plants is very useful corrosion inhibitdCslotropis procera,
Azydracta indica and Auforpio turkiale sap are useful as acid corrosion inhibitors. Quartias been studied for its
anticorrosive effect of carbon steel in 1 M HCI.eTinhibition effect oZenthoxylum alatum extract on the corrosion of
mild steel in aqueous Orthophosphonic acid wasstigated. [19-21].

In continuation of our work on develogmb of green corrosion inhibitors [22-23], the s study
investigates the inhibiting effect of some fruitdract ShahjanMoringa oleifera), Pippali Piper longum) andOrange
(Citrus aurantium) on the corrosion of mild steel in 1 M HCI solutiby weight loss, potentiodynamic polarization
and electrochemical impedance spectroscopy (ElS$hads. Meanwhile, the steel surface was examine&dayier
transform infrared (FTIR) spectroscopy.

2. Experimental

2.1. Preparation of Fruits extract

Shahjan Moringa oleifera), Pippali Piper longum) andOrange Citrus aurantium) fruits were dried and grounded to
powder form. Dried10g) powder was soaked in double distilled was)0(mL) and refluxed for 5 h. The aqueous
solution was filtered and concentrated to 100 mhisTextract was used to study the corrosion inibibiproperties.
Corrosion tests were performed on a mild steelhef following percentage composition (wt.%): Fe @943 C
0.076%, Si 0.026%, Mn 0.192%, P 0.012%, Cr 0.058%8.050%, Al 0.023%, and Cu 0.135% , which wereadbd
successively with fine grade emery papers from 800200 grade. The specimens were washed thorowgtity
double distilled water and finally degreased witietane and dried at room temperature. The aggeessivtion 1 M
HCI was prepared by dilution of analytical grade IH&7%) with double distilled water and all expeents were
carried out in unstirred solutions.

2.2. Weight loss method

Weight loss measurements were performed on thestakel samples with a rectangular form of sizechi5x 2.0 cm x
0.025 cm in 1 M HCI solution with and without addit of different concentrations of fruit's extragvery sample
was weighed by an electronic balance, and thereglat the acid solution (100 mL). The duration loé immersion
was 3 h at the temperature range from 308 to 338fter immersion, the surface of the specimen waared by
double distilled water followed rinsing with acetoand the sample was weighed again in order taledécinhibition
efficiency ¢ %) the corrosion rateCg). The experiments were performed in triplicate #imel average value f the
weight loss was noted. For each experiment, a lfrgatepared solution was used and the solution &zatpre was
thermostatically controlled at a desired value.

The surface coveragé)(and inhibition efficiency (i %) were determined by using following equations:

W, —W
g=—— 1)
WO
W, — W
n% =——-:x100 2)
Wo
where,w; andw, are the weight loss values in presence and absémakibitor, respectively.
The corrosion ratedg) of mild steel was calculated using the relation:
87.6xw
C, (Mm/y)=———— (3)
: atD

where,w is corrosion weight loss of mild steel (mg)the area of the coupon (&t is the exposure time (h) ami
the density of mild steel (g ci

2.3. Electrochemical measurements
The electrochemical studies were made using a Gédmeg electrode cell assembly at room temperaifire. mild
steel of 1 crhwas the working electrode, platinietectrode was used as an auxiliary electrode, @miard calomel
electrode (SCE) wassed as reference electrode. The working electwateabraded with different grades of emery
papers, washed with water and degreased with szetilh electrochemical measurements were carriedusing
Gamry Potentiostat/Galvanostat (Model G-300) wit8 Boftware Gamry Instruments Inc., USA. Gamry aggpions
include software DC 105 farorrosion and EIS 300 for EIS measurements andricdkmalyst version 5.50 software
packages for data fitting. Prior to the electroclbainmeasurement, a stabilization period of 30 r@nwuas allowed,
which was proved to be sufficient to attain a staldlue ofe.,,.

The linear polarization study was carried out froathodic potential of — 20 mV versus OCP to andano
potential of + 20 mV versus OCP with a sweep ral®® mV & to determine the polarization resistanig).From
the measured polarization resistance value, thbitidn efficiency has been calculated using tHatrenship:

' _ Do
n%:%xmo 4)
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5 .
where, R and R are the polarization resistance in absence antesepce of inhibitor, respectively.

Tafel curves were obtained by changing the eldetiootential automatically from —250 to +250 mV stey
corrosion potentialH.,) at a sweep rate of 1 mV*sEIS measurements were carried out in a frequesicge from
100 kHz to 10 mHz under potentiodynamic conditiong&gh amplitude of 10 mV peak-to-peak, using ACnsifjat
E.or The linear Tafel segments of anodic and cathedives were extrapolated to corrosion potentiablbain
corrosion current densities.{,). The inhibition efficiency was evaluated from theeasured,, values using the
relationship:

12 =1,
n% - corr 5 corr X 100 (5)
corr
0 i
where, o and |con are the corrosion current in absence and in peesehinhibitor, respectively. The charge transfer
resistance values were obtained from the diamétreasemi circles of the Nyquist plots. The intidm efficiency of
the inhibitor has been found out from the chargadfer resistance values using the following equati

' _ PO
n%=Mx100 (6)

t

5 .
where, R and R are the charge transfer resistance in absencenapdesence of inhibitor, respectively. All
electrochemical measurements were done in unstmddcon de-aerated solutions.

2.4. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were recorded in a Thermo Nicolet-5FUR spectrophotometer (USA). The mild steel spegis of
size 2.5 cm x 2.0 cm x 0.025 cm were prepared ssritbed above. These specimens were immersed lion3L00
mL of 1 M HCI solution containing 400 ppm of ibitor and were then dried. In order to prevent dgenaf the
protective film or layer of the mild steel surfact®e FTIR reflectance accessory was applied tdystine mild steel
surfaces.

3. Results and discussion

3.1. Weight loss Studies

3.1.1. Effect of Inhibitor concentration

Fig. la represents the effect of fruits extractcemtration on inhibition efficiency in 1 M HCI. Thimhibition
efficiency increases and on the other hand comosite decreases with increase in the concentraficadl fruits
extract upto their optimum level after which a hat increase in inhibitor concentration did notsmany significant
change in% andCg. The extract oMoringa oleifera showed maximum inhibition efficiency of 98.2 %HCI at an
optimumconcentration of 300 ppm. Further increase in extcancentration did not cause any significant gjeaim
the performance of the extract .The values of peage inhibition efficiency(¢ %) and corrosion rateCg) obtained
from weight loss method at different concentratiohfuits extractt 308 K are summarized in Table 1.
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Fig. 2 (a) Arrhenius and (b) Transition state plots
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Table 1 Corrosion parameters for the mild steel in 1 M ld@htaining various concentrations of the fruittraot at 308

K obtained from weight loss measurements afteirBrhersion

Snghet al.

o Concentration Weight loss n Cr
Inhibitor (opm) (mg en) o) oy
90 7.7 63.3 28.5
120 7.3 65.2 27.0
Piper longum 180 2.8 86.6 103
240 2.6 87.6 96
300 1.6 92.3 59
600 0.7 96.6 25
50 3.0 85.7 11.1
100 2.9 86.6 10.7
Moringa oleifera 150 12 94.0 4.4
200 0.8 96.1 29
250 0.7 96.6 25
300 0.4 98.2 1.4
100 15.6 25.8 57.8
150 12.5 40.5 46.3
Citrusaurantium  |-290 9.3 55.7 34.5
300 7.0 66.7 25.9
600 3.2 84.8 11.8
1200 2.5 88.1 9.2

3.1.2. Effect of immersion time

In order to assess the stability of inhibitive béba of fruit extract on a time scale, weight lasgasurements were
performed in 1 M HCI in absence and presence dfsfrextract for 2 to 8 h immersion time at temperat308 K.
Inhibition efficiencies were plotted against imnierstime as seen from Fig. 1b. The inhibition éffitcy decreases
with increase in immersion time from 2 to 8 h foitrus aurantium and increases favloringa oleifera and Piper
longum. The value ofy% increased from 25.8% to 88.1% fOGitrus aurantium, from 85.7 to 98.2% foMoringa
oleifera and from 63.3 to 96.6% fdPiper longum. These results suggested that studied fruits extne effective
corrosion inhibitors for mild steel in 1 M HCI sdilens.

3.1.3. Effect of acid concentration

The variation of inhibition efficiency with increasn acid concentration from 0.5 M to 2 M is shawrig. 1¢c. From
this figure it can be seen that inhibition efficdgrnof fruits extract decreases with increase in k@icentration from
0.5 M to 2 M. This decrease in efficien@y%) can be attributed to increased aggressivenesduifsts with increase
in acid concentration.

3.1.4 Effect of temperature
To evaluate the stability of adsorbed layer/filmrdfibitor on mild steel surface as well as acimatparameters of the
corrosion process of steel in acidic medium, welghs measurements were carried out in the rangengberature
308-338 K in the absence and presence of fruitaetxat optimum concentration during 3 h immerdiare. Results
thus obtained are shown in Fig.1d. It is evideanfrthis Fig. 1d that inhibition efficiency decreaseith increasing
temperature. This is due to increased rate of Wisea process of mild steel and partial desorptidrthe inhibitor
from the metal surface with temperature [24].

The log of corrosion rate is a linear functiorterhperature (Arrhenius equation) [25-27]:

-E
log(C,)=———2—+A 7
9(Cr) 2.30RT ()

where,E, is the apparent effective activation enemyis the molar gas constant aAds Arrhenius pre exponential
factor. A plot of log of corrosion rate obtained wgight loss measurement versus gave a straight line as shown in
Fig. 2a with a slope ofg,/ 2.303R. The values of activation energy are listed inl&gh The data shows that the
activation energyH,) of the corrosion in mild steel in 1 M HCI solutian the presence of fruits extract is higher than
that in the free acid solution. The increase in dpparent activation energy for mild steel dissofutin inhibited
solution may be interpreted as physical adsorgtian occurs in the first stage [28]. Szauer anchBraxplained [29]
that the increase in activation energy can bebatied to an appreciable decrease in the adsorptitre inhibitor on
the mild steel surface with increase in temperature

An alternative formulation of Arrhenius equatior{39]:
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c. =R exp (ﬁj exp{ —aH" j ®)
R Nh R RT

where, h is Planck's constant, N is Avogadro’s nemhS the entropy of activation, andH™ the enthalpy of
activation. A plot of logCg/T versus IT gave a straight line (fig. 2b) with a slope eqtelAH /2.303R and an
intercept of logR/N h + AS¥/2.303 R, from which the values &S andAH" were calculated and listed in Table 2. The
positive signs of enthalpiedKl’) reflect the endothermic nature of dissolutiongess. This suggests that mild steel
dissolution requires more energy in 1 M HCI in fhresence of fruit extract. The shift towards pwsitvalue of
entropies§S) imply that the activated complex in the rate deiging step represents dissociation rather than
association, meaning that disordering increasegoorg from reactants to the activated complex [31].

Table 2 Activation parameterg,, 4H* and 4S* for the mild steel dissolution in 1 M HCI in ttedbsence and the
presence of different fruit extracts at optimumaeamrations

AG
n E. AH* AS* < mol:

Inhibitor @moy | (moy) | @mortky | )

1 M HCl 28.6 22.17 -136.90 -

IP Iper 64.7 62.0 -36.1 -34.0

ongum

Moringa 119.5 116.8 140.3 -106.2

oleifera

Citrus. 54.9 52.2 -56.0 -31.8

aurantium

3.2. EISMeasurement

The impedance spectra for Nyquist plots were amalyy fitting to the equivalent circuit model (Fig)
which was used elsewhere to describe iron / ad¢étface [32]. In this equivalent circuR is the solution resistance,
Rt is the charge transfer resistance and CPE is aastrzhase element. The capacitance values werela@d using

the equation [33]:
Zope= Q_l (Jo)™ 9)

whereQ is theCPE constant,j is the imaginary unitp is the angular frequency (= 2xf, the frequency in Hz), am

is the CPE exponent which can be used as a gauge of the beteity and gives details about the degree of sairfa
inhomogeneity (roughness). Depending on the value GPE can represent resistanee=(0, Q = 1R), capacitancen(
=1,Q =C), inductancer{=-1,Q = 1L) or Warburg elemenn(= 0.5).

Whenn = 1, this is the same equation as that for thesthapce of a capacitor, whe@e= Cy. In fact, whem is close
to 1, theCPE resembles a capacitor, but the phase angle i80fotlt is constant and somewhat less than 901l at a
frequencies.

In spite of the mentioned fact, the term, doubietacapacitance, is still often used in the evabmadf AC impedance
results to characterize the double layer belieedaet formed at the metal/solution interface of esyst displaying non-
ideal capacitive behavior. For providing simple @amson between the capacitive behaviors of differrosion
systems, the values Qfwere converted tQy.

Cdl :Q(w max)n_l (10)
here,wmax represents the frequency at which the imaginargpament reaches a maximum. It is the frequenchet t
top of the depressed semicircle, and it is alsdréguency at which the real pagt)(is midway between the low and
high frequency x-axis intercepts.

Impedance spectra for mild steel in 1 M HCI ineaiz®e and presence of optimum concentrations afsfrui
extract i.e. 600 ppm fdPiper longum, 300 ppm foMoringa oleifera and 1200 ppm for i@ us aurantium are shown in
the form of Nyquist plots (Fig. 4a), Bode-moduldstg (Fig. 4b) and Bode plots in the Theta-freqyefecmat (Fig.
4c). It can be seen from Figs. 4 that diametehefgemicircular capacitive loop (Fig. 4a), and phaisgle (Fig. 4c)
increased with increasing concentration of fruitraést, and impedance of the double layer (Fig. ddgreased with
extract concentration. Nyquist plots consist ofdapressed” semicircle with one capacitive loop alepressed
semicircle has a centre under the real axis. Sebhviour is characteristic for solid electrodes aftdn referred to as
frequency dispersion and has been attributed tghtess and other inhomogeneities of solid surf8de 35]. The
Nyquist plots show a depressed capacitive loophen high frequency (HF) range. The HF capacitiveplaan be
attributed to the charge transfer reaction and tiooastant of the electric double layer and to thefase
inhomogeneity of structural or interfacial origisyich as those found in adsorption processes [3@. iMpedance
parameters such as solution resistafge ¢harge transfer resistand®,), Q, n, derived double layer capacitan€g)
and inhibition efficiency# %) are listed in Table 3. The valuesi86 are calculated using the following equation:
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n(%) _Rui7Rio 100 (11)

i
where,R;; and Ry o are charge transfer resistances in presence aed@bsf inhibitor, respectively. It is clear from
Table 3 that by increasing the inhibitor conceidratthe Cy values tend to decrease and the inhibition efficye
increases. The decreasedy values can be attributed to a decrease in loc&aliec constant and / or an increase in
the thickness of the electrical double layer, sstigg that fruits extract act by adsorption at thiéd steel / solution
interface [37]. On the other hand, the valuesCgfdecreased with an increase in the extract coratgonir This
situation was the result of an increase in theas@rtoverage by the inhibitor, which led to anéase in the inhibition
efficiency. The values of the phase shift indictitat theCy values are in reasonable confidence limit. Alsg an
significant change in the values of the phase ,shiftvas not observed in the absence and in the presanfruits
extract. To predict the dissolution mechanism,vidlee ofn can be used as an indicator [38]. The valuas odnging
between 0.827 and 0.869, indicate that the chaagsfer process controls the dissolution mechanismild steel in 1

M HCI solution in the absence and in the preserfckuit extract. The thickness of the protectivgda 5o Was
related toCy by the following equation [39].

— &f
5org ~Cy (12)

where, g, is the dielectric constant ardis the relative dielectric constant. This decreasthe G, which can result
from a decrease in local dielectric constant andfoincrease in the thickness of the electricabtiolayer, suggested
that fruits extract function by adsorption at thetalsolution interface. Thus, the changeCipvalues was caused by

the gradual replacement of water molecules by ttieomption of the organic molecules on the metafaser;
decreasing the extent of metal dissolution [40].

Table 3 Electrochemical impedance parameters for mild e M HCI in the absence and presence diffefrrits
extract at their optimum concentrations

Name of Inhibitor Ret Q (uF In Ca n
inhibitor concentration (Q cn?) cm? (uF cm? (%)
1 M HCI - 8.5 250.0 0.827 68.9 -
Piper longum 240.0 213.2.1 84.8 0.869 46.4 96.0
300.0 273.3 73.9 0.855 33.1 96.9
600.0 355.5 54.8 0.849 27.3 97.6
Moringa 200.0 215.0 91.3 0.829 43.0 96.0
oleifera 250.0 324.5 77.9 0829 | 414 97.3
300.0 644.9 61.7 0.854 32.4 98.6
Citrus 300.0 23.5 151.7 0.866 68.5 68.9
aurantium 600.0 58.2 148.9 0.861 65.4 85.4
1200.0 65.2 123.0 0.854 56.3 87.0
R’ CPE
L
'
R

et
Fig. 3. Electrochemical equivalent circuit used to fit thgpedance spectra

It is apparent from Nyquist plots that the impedkamesponse of mild steel in inhibited HCI solutioas
significantly changed after the addition of fruitstractin acid solution and that the impedance of inhibiseibstrate
increases with increasing conc. of inhibitor. Thggblist plots showed that on increasing extamsicentration, charge
transfer resistance increases and double layecitapee decreases. From the Table 3, it is cledrttie greatest effect
was observed at 300 ppm @floringa oleifera) extract which give®R value of 644.9cnfin 1 M HCI respectively.
Inhibition efficiency is found to increase with ibfior concentration in the acid.
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3.3. Polarization Measurements

Polarization curves for mild steel at optimum cartcation of fruits extract in aerated solutions shewn in Fig. 4d.
The extrapolation of Tafel straight line allows ttedculation of the corrosion current density,§. The values of.o,
the corrosion potentiaE,,,), cathodic and anodic Tafel slopds, (b;) and inhibition efficiency ( %) are given in
Table 4. The values df,,, were found to decrease in the presence of inlgifthe decrease I, values can be due
to the adsorption of fruits extract on the mildesteurface. It was observed that there is a srhiftl ®wards cathodic
region in the values d&.,,. In present study, maximum displacemeniig, value was 69 mV, which indicates that all
studied fruits extract were mixed-type inhibitodseT(n %) is calculated using the following equation:

%= [t} 100 13)

corr
where, 1%, and 'y, are the corrosion current density values withad with inhibitor, respectively. Some of the
authors proposed the following mechanism for theasion of iron and steel in acid solution [41-43]:

Fe+A" - (FeA" ),

(FeA™ ), —» (FeA" )+ né
(FEA" ), — (FEA™ ) .+ né
(FeAn+ )ads - (Fé+ )ads+ An_

The cathodic hydrogen evolution
Fe+H - (FeH ),

(FeH ).+ ne - (FeH),
(FeH )+ H +ne - Fe H

The change i, andb, values as shown in Table 4 indicates that adsermtidruits extract modify the mechanism of
anodic dissolution as well as cathodic hydrogengian. From the Fig. 4d, it is clear that both ttethodic and
anodic reactions are inhibited and the inhibitiocréases as the inhibitor conc. increases in a@dian but the
cathode is more polarized. Linear polarization galare shown in Table 5.

1000
800+ . _ 10 Blank
e ;;;:"Lii;iifem Blank _: Citrus aurantium
! Gitrus awrantium 5 -+ Piper longum
_ i * Moringa oleifera
o o 100 -
(@) y
4004 g
E: 10 -
N b
. (6)
7 = T T 7 0.1 L} L LS ¥ L] L) L] L]
0 200 400 600 800 o 0 1 2 3 4 5
Z rea(Q2 cmd) logf/Hz
-804 Blank -1
I B
104 Moringa oleifera t}l’q -2
S
04 S -31
£ -
04 =
5 -5 an|
(1= 8 : ?il.n'ul:aumnium
-_— Moringa oleifera
— Qs + Piperlongum |
20- L] b - L] b L] L] ' ' ' '
2 1 o 1 2 3 4 3 -800 -600 -400 -200
logf/Hz E (mV vs. SCE)

Fig. 4a) Nyquist plots, (b) Bode-modulus plots, and Bx)de-phase angle plots (d) Tatel plots in absenmmk a
presence of different concentrations of extract M HCI.
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Table 4 Tafel Polarization parameters for mild steel in 1 M HEthe absence and presence of different fruitsaektr
at their optimum concentrations

Inhibitor .
Name of concentration “Econ b, be leorr n
Inhibitor (ppm) (mV vs SCE) (mV / dec) (mV / dec) (MA [ cm?) (%)
1 M HCI - 446 90.4 121.0 1540.0 -

_ 240.0 464 66.0 116.0 53.0 96.5
Piper 300.0 469 78.0 138.0 46.0 96.9
longum

600.0 479 72.0 124.0 41.0 97.3

. 200.0 503 51.0 58.0 59.0 96.1

Moringa 250.0 472 48.0 54.0 38.0 97.5
oleifera

300.0 493 36.0 34.0 28.0 98.1

_ 300.0 466 71.0 263.0 430.0 72.0
Citrus. 600.0 515 121.0 128.0 212.0 86.2
aurantium

1200.0 464 71.0 114.0 160.0 89.6

Table 5LinearPolarization parameters for mild steel in 1 M HCtle absence and presence of different fruitaeiat
their optimum concentrations

-~ - . Ro n
Name of Inhibitor Inhibitor concentration (ppm) (© cnf) (%)
1 M HCl - 9.7 -
. 240 270.6 96.4
Piper
longum 300 351.0 97.2
600 391.1 97.5
200 252.7 96.1
Mori
ooy 250 342.0 07.1
300 564.2 98.2
: 300 33.8 71.3
Citrus
aurantium 600 85.6 88.6
1200 92.0 89.4

3.4. Adsorption Isotherm and free energy of adsorption
The adsorption of an organic adsorbate on to nsefialtion interface can be represented by a subetial adsorption

process between the organic molecules in the agusmlution phase (Ogg)) and the water molecules on the metallic
surface (HO(ds) [44].

Org(sm) +XH20—’ Org(ads) X Hzo(sm (14)

where, X is the size ratio representing the number of watelecules replaced by one molecule of organic ridde.
Basic information on the interaction between thabitor and the mild steel surface can be providgdhe adsorption
isotherm. For this purpose, the values of surfaneiage €) at different concentration£(;,) of fruits extract in acid
media in the temperature range (308-338 K) have lised to explain the best isotherm to determireattsorption
process. The values éfcan be easily determined from the rg#d%) /100, whergy %) was obtained from weight
loss measurements. Attempts were made to fit tllesalues to various isotherm including Frumkin, Lamgr,
Temkin. According to these isothermiss related to the inhibitor concentrati@@,y:

6= 1E(b:g‘hh (Langmuir isotherm) (15)
exp-228)=K_C .., (Temkin isotherm) (16)

where, b designates the adsorption coefficient in equafits), a the molecular interaction parameté,gs is the
equilibrium constant of the adsorption processqgoation (16). The best fit was obtained with Langnmsotherm as
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shown in Fig. 5. The value of regression coeffitsgR? = 0.999) inMoringa oleifera (0.990) inCitrus Aurantium and
(0.999) inPiper longum confirms the validity of this approach.

1400+
12004
10004

8004

cig

600 .-
400. i
200

0

Piger lamgunr
® foringa? aleifera
& Citrus aurdntiunt

0 200 400 600 800 1000 1200
¢ (ppm)

Fig. 5. Langmuir adsorption isotherm plot for the adsiorpbdf extract in 1 M HCI on the surface of milgeal.

3.5. Fourier transform infrared spectroscopy (FTIR) analysis

It has been established that FTIR spectrophotonepowerful instrument that can be used to dater the type of
bonding for organic inhibitors absorbed on the inet@face. In present study, reflectance FTIR speskre used to
support the fact that corrosion inhibition of mdteel in acid media is due to the adsorption oibitdr molecules on
the mild steel surface. The prominent peaks arergim Table 6. From data in Table 6, it can beldistaed that
inhibition of corrosion of mild steel in 1 M HCI ktion by fruits extract was due to the adsorptafnextract’s

constituents on the mild steel surface.

Table 6IR spectral data (significant peakg.xin cm* (KBr))

3268 cnt (N-H, O-H str)

2883 cnt (O-H, (COOH) str)

1725 cnt (C=0 str)

1528 cnt (C=N str)

1082 cnt (C-0 str) fortMoringa ol eifera.
3889 cnt (Fe—0O bending)

3621 crit (O-H, str)

3338 cnit (N-H str)

3154 crit (C—H str)

2744 crit (O-H, (COOH) str)

1642 cnt (C=0 str)

1184 cnt, 1087 cnit (C-O str), forCitrus aurantium.
3298 cnt (O-H str)

2884 crit (C-H str)

1725 cnt (C=0 str)

1534 cn, 1450 crit (C=C (Ar) str)
1373 cnt (C=H bending)
1082 cnt (C-0O str) forPiper longum.

4. Mechanism of inhibition

The transition of metal/solution interface from tats of active dissolution to the passive statatigbuted to the
adsorption of the inhibitor molecules at the metalition interface, forming a protective film. Trete of adsorption is
usually rapid and hence, the reactive metal suiifashielded from the aggressive environment [45].

Adsorption process can occur through the replaceofesolvent molecules from metal surface by iond enolecules
accumulated in the vicinity of metal/solution irfeere. lons can accumulate at the metal/soluticerfite in excess of
those required to balance the charge on the miethé aperating potential. These ions replace soli®lecules from
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the metal surface and their centers reside antier iHelmholtz plane. This phenomenon is termediBpadsorption,

contact adsorption. The anions are adsorbed wheemétal surface has an excess positive chargeamannt greater
than that required to balance the charge correspgnd the applied potential. Aromatic compound#$i@l contain

the benzene ring) undergo particularly strong gutsmm on many electrode surfaces. The bonding caardbetween
metal surface atoms and the aromatic ring of tlseruhte molecules or ligands substituent groups.eXact nature of
the interactions between a metal surface and amaio molecule depends on the relative coordinatittgngth

towards the given metal of the particular grougsspnt [46].

The main constituents of the fruits extracts argi#ine (Moringa oleifera), Piperine, Piplartine, RutirP{per
longum) and ThreonineGitrus Aurantium) whose structures are given in Fig. 6. The irtlahiefficiency afforded by
fruits extracts may be attributed to the presentN, 0O atoms,n-electrons and/or aromatic/heterocyclic rings.
Experimentally determined values g for three fruits extract studied are in the oreringa oleifera > Piper
longum > Citrus aurantium. This order of inhibition efficiency can be begpkined in terms of their structures. The
highest inhibition efficiency shown kyloringa oleifera fruit extract can be attributed to the presencenifie (C=N)
group, four N atoms and long alkyl chain. The tigky weaker inhibition performance @fitrus aurantium is due to
the presence of electron withdrawing COOH groupgctvidecreases the electron density on nitrogen.atom

o
(Nj C(OH O\
0> O H I
b
(Piplartine)
b H
TN—C—C_
H CH, oH I—I\ | /?
CH, N-C-C
CH, /|
NH H CH OH
HoN-CSNH HO CH;
d e
(Arginine) (Threonine)

Fig. 6. Structure of main constituents of fruits extract

It is not possible to consider a single adsorptimwde between inhibitor and metal surface becaftidgbeo
complex nature of adsorption and inhibition of gegi inhibitor. The adsorption of main constitueotdruit extract
can be attributed to the presence of O-atomslectrons and aromatic/heterocyclic rings. Preserf methoxy group
also enhances the inhibition efficiency.Therefdhe, possible reaction centres are unshared eleparof hetero-
atoms andr- electrons of aromatic/heterocyclic ring. In aquea@cidic solutions, main constituents exist either
neutral molecules or as protonated molecules (@sior he inhibitors may adsorb on the metal/acldtem interface
by one and/or more of the following ways: (i) eétestatic interaction of protonated molecules vetteady adsorbed
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chloride ions, (i) donor-acceptor interactionsvibetn ther-electrons of aromatic ring and vacant d orbitatafface
iron atoms, (iii) interaction between unshared tetatpairs of hetero atoms and vacant d-orbitéaf surface atoms.

Generally two modes of adsorption are considemedhe metal surface in acid media. In one mode, the
neutral molecules may be adsorbed on the surfaceildfsteel through the chemisorption mechanismgliving the
displacement of water molecules from the mild ssaface and the sharing electrons between thechatems and
iron. The inhibitor molecules can also adsorb om hild steel surface on the basis of donor—accdpteractions
betweenn-electrons of the aromatic / heterocyclic ring aagant d-orbitals of surface iron atoms. In secowdle,
since it is well known that the steel surface bgawsitive charge in acid solution [52], so it idfidult for the
protonated molecules to approach the positivelyrgdth mild steel surface ¢B@'/metal interface) due to the
electrostatic repulsion. Since chloride ions havamaller degree of hydration, thus they could bemgess negative
charges in the vicinity of the interface and favawre adsorption of the positively charged inhibitaolecules, the
protonated inhibitors adsorb through electrostatieractions between the positively charged moksund the
negatively charged metal surface. Thus there yargism between adsorbed @ns and protonated inhibitors. Thus
inhibition of mild steel corrosion in 1 M HCI is duo the adsorption of extract constituents onntild steel surface.
This assumption could be further confirmed by #ftectance FTIR analysis of mild steel surface.

5. Conclusion

1. Fruits extract are good inhibitor for mild steermsion in 1 M HCI solution. Inhibition efficiencincreases
with increasing fruits extract concentration af¥d values obtained from different methods employedia
reasonable agreement.

2. The adsorption of fruits extract on mild steel augf obeyed Langmuir adsorption isotherm. Adsorpison
neither typical physisorption nor typical chemidgrp but it is complex in nature.

3. Polarization curves measurements indicate thasfaitract acted as mixed type inhibitor.

4. The reflectance FTIR analysis showed that the itibibof mild steel corrosion occurred due to thenfiation
of a protective film on the metal surface througs@ption of constituents of fruits extract.
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