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Abstract

The inhibitive action of Avogado Nuts Extra@NE) on C38 steel in 1M HCI solution was studied using
potentiodynamic polarization and electrochemicgbaénance spectroscopy (EIS). The extracts were foand
inhibit the corrosion of C38 steel in 1M HCI. Thehibition efficiency increased with the extracts
concentration. Polarization curves reveal tAME is a mixed type inhibitor with predominant cathodi
effectiveness. Changes in impedance parametersgh@nsfer resistance;, Rnd double-layer capacitance,
Ca ) were indicative of adsorption &iNE on the metal surface, leading to the formatioa pfotective film.
The effect of the temperature on the corrosion belia with addition of the optimal concentration ANE
was studied in the temperature range 298 — 328 hH€ inhibition efficiency of the plant extract remain
slightly constant with increasing temperature. Agsion of ANE on the C38 steel surface is found to obey the
Langmuir adsorption isotherm. Some thermodynamictions of dissolution process were also determined

Keywords: Avogado Nuts Extract, corrosion, inhibition, C38ed, adsorption.

1. Introduction

Acid solutions generally used for the removal adtrand scale in industrial processes and the deddéion of
the metal due to these processes are very sigmifibghibitors are used in these processes to alotfie metal
dissolution. Hydrochloric acid is widely used iretpickling of steel and different steel based allffy-2]. One
way of protecting steel from corrosion is to userasion inhibitors. Organic compounds containing
heteroatoms are commonly used to reduce the corr@stack on steel in acidic media [3-16]. Manyusidial
processes have put to use inorganic inhibitorsctrosion protection but as a result of cost andcity,
attention is currently shifted towards the use ofeneco-friendly inhibitors [17-18]. Organic substas(plant
based)containing functional groups with oxygen, nitrogemd /or sulphur atoms in a conjugate system have
been reported to exhibit good inhibiting properfie®-21]. This has made plant extracts an importaoice for
environmentally friendly, readily available and egrable source for wide range of inhibitors refertedas
green inhibitors [22]. Some of the advantages ekgrinhibitors are low cost of processing, bioddghbility,
and absence of heavy metals or other toxic compowinich pose great hazard to the environment [B3gse
advantages have incited us to draw a large pgstagram of our laboratory to examine natural sulzsta as
corrosion inhibitors [24-46].

The aim of the present work was established toystiue corrosion inhibition of C38 steel in 1M HGlgtion

by Avogado Nuts ExtradfANE) as corrosion inhibitor using potentiodynamic piziation and electrochemical
impedance spectroscopy (EIS).
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2. Materials and methods

2. 1. Solutions preparation

Stock solution of the avogado nuts ExtraBNE) was prepared by stirring cold weighed amountghef
avogado nuts for 24 h in 1 M HCI solution. The tasg solution was filtered. This extract of thigagado nuts
was used to study the corrosion inhibition progertind to prepare the required concentrations.sbhgion
tests are freshly prepared before each experiment.

2. 3. Electrochemical tests

The electrochemical study was carried out usingtargiostat PGZ100 piloted by Voltamaster softwditas
potentiostat is connected to a cell with three tetele thermostats with double wall (Tacussel Stehda
CEC/TH). A saturated calomel electrode (SCE) aradiqpim electrode were used as reference and ayxilia
electrodes, respectively. The material used forstanting the working electrode was the same used f
gravimetric measurements. The surface area exptsethe electrolyte is 0.04 ém Potentiodynamic
polarization curves were plotted at a polarizasean rate of 0.5 mV/s. Before all experiments, gbtential
was stabilized at free potential during 30 min. Pléarisation curves are obtained from -800 mV 166G-mV

at 298 K. The solution test is there after de-agkéty bubbling nitrogen. Gas bubbling is maintaipedr and
through the experiments. In order to investigatedfiects of temperature and immersion time onirthiitor
performance, some test were carried out in a teatype range 298-328 K.

The electrochemical impedance spectroscopy (EIS)sorements are carried out with the electrochemical
system (Tacussel), which included a digital potestit model Voltalab PGZ100 computer at.Eafter
immersion in solution without bubbling. After thetdrmination of steady-state current at a corropmential,
sine wave voltage (10 mV) peak to peak, at freqgasnoetween 100 kHz and 10 mHz are superimposeideon
rest potential. Computer programs automaticallitrodied the measurements performed at rest potsrafter
0.5 hour of exposure at 298 K. The impedance dmgrare given in the Nyquist representation. Expenits
are repeated three times to ensure the reprodticibil

Inhibition efficiencies (%) were calculated as ¢o¥s:

- For impedance measurements:

Do
El, (%) = %x 100 (1)

t

where R, and R? are the charge transfer resistance values witmodiwith inhibitor, respectively.

- For potentiodynamic polarisation measurements

0 —_—
El, (%)= Lo ~lean 1 09 (2)

0
corr

where |, and I, are the corrosion current densities in the absandehe presence of the inhibitor.

3. Results and discussion
3.1. Effect of concentration
3. 1. 1. Electrochemical impedance spectroscopy nse@ements
The corrosion behaviour of C38 steel, in acidiaugoh in the presence &NE, was investigated by the EIS
methods at 298 K. Nyquist plots obtained for fregues ranging from 100 kHz to 10 mHz at open ctrcui
potential for C38 steel in 1 M H@h the presence of various concentration&NE are shown in Figure 1. The
impedance diagrams obtained are not perfect seneisirand the difference was attributed to frequency
dispersion [47]. The fact that impedance diagramsha semicircular appearance shows that the camro$
C38 steel is controlled by a charge transfer pmcdse equivalent circuit model employed for this systis
presented in Figure 2. The resistangésRhe resistance of the solution;rBflects the charge transfer resistance
and G is the double - layer capacitance. The circuitstgis of a constant phase element (CPE) Q, inlphral
with a resistor RThe use of CPE-type impedance has been extenslgstyibed in [ 14-15]:
Zepe= [Q(W)"T™ (3)

The above equation provides information about thgreke of non-ideality in capacitance behavior. Its
value makes it possible to differentiate betweenhtdhavior of an ideal capacitor (n = 1) and ofPEGn < 1).
Considering that a CPE may be considered as alglatambination of a pure capacitor and a resitat is
inversely proportional to the angular frequencye thalue of capacitance,qCcan thus be calculated for a
parallel circuit composed of a CPE (Q) and a resi®), according to the following formula [16, 50]:
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Q = (GuR)"/R, (4)
The impedance spectra were analyzed by using tbeitcin figure 2, and the double layer capacitaf@g was
calculated in terms of Eq. 4. Values of elementshef circuit corresponding to different corrosiofstems,
including values of g, are listed in Table 1.
This inductive arc is generally attributed to amoddsorbed intermediates controlling the anodicgss [48-
49].

120
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Figure 1. Nyquist plots of C38 steel in 1M HCI without awith different concentrations &NE at 298 K.
R Rt

CPE

Figure 2. The equivalent circuit of the impedance speditaioed forANE.

Table 1Impedance parameters for C38 steel in 1M HCI witlamd with different concentrations ANE at

298 K.
Conc. R: n Q Ca IE Rt
(g/L) (Q.cm?) (Sn Q.cm?) (UF.cm?) (%)
Blank 15 0.86 1.65x10 62 | -
0.01 41 0.84 1.35x10 50 63.41
0.05 53 0.80 1.30x10 37 71.70
0.1 80 0.84 7.49x10 28 81.25
0.5 160 0.81 7.31x10 26 90.63

The examination of the results of table 1 enabse®uleduce the following points:

* The R values increased with the increasing concentraifaine inhibitor indicating that more inhibitor
molecule adsorb on the metal surface at higheresuration and form a protective film on the metal-
solution interface [51-52].

* The value of G decreased with increasing inhibitor concentratiacrease of ¢ may be caused by a
reduction in local dielectric constant and/or byirerease in the thickness of the electrical doldfer.
These results indicate that the inhibitor act bgaagtion on the metal/solution interface [53-54he$e
observations suggest thaNE inhibitor function by adsorption at the metal sied and thereby causing a
decrease in theralues and an increase in thevRlues.

* The value of n decreases as well (0.84-0.80), veoenpared to that obtained in pure HCI. This can be
attributed to a certain increase of the initial face inhomogeneity resulting from the inhibitor's
adsorption on the most active centers.

* The inhibiting effectiveness increases with thecamtration of the inhibitor to reach a maximum ealu
from 90.63% to 0.5 g/L.
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3. 1. 2. Polarization measurements

Figure 3 shows the polarisation curves of C38 ste&élM HCI and in the presence of different corcations
(0.02 — 0.5 g/L) ofANE. With the increase oANE concentrations, both anodic and cathodic curremise
inhibited. This result shows that the additionAME reduces anodic dissolution and also retards tkeolggn
evolution reaction. Table 2 gives the values ofekim corrosion parameters as the corrosion poteBtia,

corrosion current density,}, Tafel slope b and inhibition efficiency for the corrosion of &3teel in 1M HCI
with different concentrations &NE.

0.1

——

—=— Blank

—e—0.01 g/L
0.05 g/L
—»—0.10 g/L
0.50 g/L

T T T T T
-0.5 -0.4 -0.3 -0.2 -0.1
E (V/SCE)

-0.8 -0.7 -0.6

Figure 3. Polarization curves for C38 steel in 1 M HCI ativas concentrations &NE at 298K.

Table 2.Electrochemical parameters of C38 steel in 1M HGifferent concentration GANE at 298K.

Conc. (g/L) | cor(MA/CM?) Ecor (MV/SCE) b. (mV/dec) IE icorr (%)
Blank 594 -457 -199 -
0.01 263 -513 -159 55.72
0.05 205 -513 -161 65.49
0.10 133 -510 -161 77.61
0.50 53 -497 -159 91.08

The corrosion current densities were estimated dfglTextrapolation of the cathodic curves to theropircuit

corrosion potential. From table 2, it can be codetlithat:

The Lo values decrease with increasing inhibitor coneeiain.

The E. values were shifted toward the negative in thegmee of the inhibitor. The presenceAE in

the acidic solution results in a slight shift ofr@sion potential towards more negative in comjearito
that in its absence, and the values of corrosicdential nearly remain constant with the addition of
different concentration oANE. These results indicate thANE acts as a mixed-type inhibitor with
predominant cathodic effectiveness. According tardte [55], if the displacement in {f) values (i)
>85 mV in inhibited system with respect to uninteli, the inhibitor could be recognized as cathodic
anodic type and (ii) if displacement iR kis <85 mV, it could be recognized as mixed-typer. $tudied
inhibitor, the maximum displacement range was 56 tawards cathodic region, which indicates that the
studiedANE is mixed-type inhibitor [56-57].

The cathodic Tafel slopes were found to vary ovearme of 159-199 mV déc Therefore, the cathodic
slope value was found to change with increasingeotration ofANE in 1 M HCI . This result indicates
the influence of the inhibitor on the kinetics béthydrogen evolution reaction [13, 58].

The values of inhibition efficiency (I&,: %) increase with inhibitor concentration reachengraximum
value (91.08 %) at 0.5 g/L.

These polarisation curves measurements were in ggdment with the electrochemical impedance.tests
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3. 2. Effect of temperature

The change of the corrosion process rate withéhgérature increase was studied in 1M HCI in thee=ace
and in the presence of inhibitor by potentiodynaputarization (Figs. 4 and 5). Corresponding dagagiven
in table 3. It's has been observed that the cayrogiurrent density {J.) increased and the polarization
resistance decreases with the increag®NE increasing temperature. It is seen also thalAilE investigated

have been inhibiting properties at all temperatstadied and the values of inhibition efficiencynan slightly
constant with temperature increase.

0.1
0.01
g
3
g 1E-3
_S —e—2098 K
1E-4 —a— 308 K
318 K
—e—328 K
1E-5

-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1
Figure 4. Polarisation curves for C38 in 1M HCI at differéamperature

T T T T
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1

E(V/SCE)
Figure 5. Polarisation curves for C38 in 1M HCI + 0.5¢ANE at different temperatures

We were interested in exploring the activation ggpenf the corrosion process and the thermodynamwics
adsorption ofANE. This was accomplished by investigating the terupee dependence of the corrosion

current, obtained using Tafel extrapolation methidte corrosion reaction can be regarded as an Aitrkdype
process, the rate is given by:

logl = —iﬂogA (5)
2.30ERT
where E is the apparent activation corrosion energy, thésabsolute temperature, k is the Arrhenius pre-
exponential constant and R is the universal gastaah
This equation can be used to calculatethiealiies of the corrosion reaction without and WANE. Plotting the

natural logarithm of the corrosion current densigysus 1/T, the activation energy can be calculfrtad the
slope.
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Table 3. Electrochemical parameters for corrosion of C3&lste 1M HCI at different temperatures in the
absence and presence of 0.5 NE

Conc. T E
(L) ) (mV /CérSE) leo(MA/CM?) | bc (mV/dec) | E (%)
298 -457 594 -204 --
Blank 308 -458 900 -199 --
318 -500 3360 -214 --
328 -487 6820 -234 --
298 -497 53 -159 91.08
308 -500 87 -138 90.33
0.59g/L
9 318 -511 341 -139 89.85
328 -520 717 -137 89.49

The temperature dependence of C38 steel dissolitianM HCI and in the presence inhibitor is prdsénin
Arrhenius co-ordinates in Fig. 6. The calculateduga of the apparent activation corrosion energyhim
absence and presenceAME are listed in the Table 4.

: : : : .
3.0 3.1 3.2 33 3.4
10%T (K™Y

Figure 6. Arrhenius plots of C38 steel in 1 M HCI with andthraut 0.5 g/L ofANE

All the linear regression coefficients were closeohe. The value of Hound for ANE is higher than that
obtained for 1 M HCI solution. The increase in Hmparent activation energy may be interpreted gsigdl
adsorption that occurs in the first stage [59-&Xauer and Brand [61] explained that the increasetivation
energy can be attributed to an appreciable deciieatbe adsorption of the inhibitor on the C38 kwmeface
with increase in temperature.

As adsorption decreases more desorption of inlibiwlecules occurs because these two oppositeggesare
in equilibrium. Due to more desorption of inhibitaolecules at higher temperatures, an importariaceirof
C38 steel comes in contact with aggressive enviemmresulting increased corrosion rates with iaseein
temperature [62].

An alternative formulation of Arrhenius equatior{68]:

RT S? H?
| =———exp—=)exp—= 6
o T p(AR) p(ART) ®)

where h is Planck’s constant, N is Avagadro’s numh8a is the entropy of activation aA#ia is the enthalpy
of activation.

Fig. 7 shows a plot of In{/T) vs. 1/T. Straight lines are obtained with gpgl@fAHa/R and an intercept of In
R/Nh +ASa/R from which the values afSa andAHa are calculated and are given in Table 4.
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Inspection of these data revealed that the thermaodic parameters\Ga andAHa) for dissolution reaction of
C38 steel in 1 M HCI in the presence of inhibitoe &igher than that obtained in the absence obitdni The
positive sign ofAHa reflects the endothermic nature of the C38 deslolution process suggesting that the
dissolution of C38 steel is slow [64] in the presemf inhibitor. On comparing the values of therepy of
activationASa given in table 4, it is clear that entropy dfvation decreased positively in the presencANE
than in the absence of inhibitor. The decreasa%d reveals that an decrease in disordering takes mn
going from reactant to the activated complex [6h-&e can notice that Ea andHa values vary in the same
way (Table 4).

cOrr/T)

Ln(l

3.0 3.1 3.2 3.3 3.4
10%T (K™

Figure 7. Variation of Ln (Lo/T) versus 19T for blank and 1M HCI + 0.5 o/ANE

Table 4. Activation parameters Values for C38 steel in 1Kl kh the absence and presence of 0.5 g/ANE

Ea AH, AS.,
(kJ mol*) (kJ mol®) (J mol* KM
Blank 70.01 67.41 32.97
059/l 74.42 71.82 27.78

3. 3. Adsorption isotherm and mechanism of intohiti
Adsorption isotherms are very important to undedtethe mechanism of inhibition corrosion reactiofke
most frequently used isotherms are Langmuir [6@kin [68] and Temkin [69]. The Langmuir isothe(@/
0 vs C) assumes that there is no interaction betwdsarbed molecules on the surface. The Frumkiorptisn
isotherm @ vs C) assumes that there is some interaction leetlee adsorbates, and the Temkin adsorption
isotherm @ vs IgC) represents the effect of multiple layevarage [70] Figure 8 shows the dependence obC/
as function of the oANE concentration. The curve obtained clearly shows ttie data fit well with Langmuir
adsorption isotherm was found to be the best dasmmi of the adsorption behavior of the studiedhitbr,
which obeys:
C.1l,c ()
0 K
Where C is the concentration of inhibitor,i&the equilibrium constant of the adsorption pesceand is the
surface coverage.
This suggests that extract in present study obé&yed_angmuir isotherm and there is negligible iatéon
between the adsorbed molecules.
The observed corrosion inhibition of C38 steel iGlIk$olution with increase IMNE concentration can be
explained by the adsorption of the components @ AIKE on the metal surface. In order to predict the type
adsorption, the corrosion mechanism of the irontnbesknown. According to the mechanism for the anod
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dissolution of Fe in acidic solutions proposed l@yesal authors [71-72], Fe electro-dissolution cidi&
solutions depends primarily on the adsorbed intdrate FeOHysas follows:

Fe + OH™ < FeOH_q. +H  +e (8a)

rds
FeOH,3. — FeOH* + e (8b)
FeOHT + HY & Fe?* + H,0 (8c)

The cathodic hydrogen evolution follows the steps :

Fe + H* = (FeH") 4. 9)
(FEH+} ad: T ES (FEHJE.E]B (10)
(FeH) 4. + H" + e = Fe+H; (11)

The corrosion rate of C38 steel in HCI solutionsastrolled by both hydrogen evolution reaction and
dissolution reaction of iron. Another mechanisnvolving two adsorbed intermediates has been wsed t
account for the retardation of Fe anodic dissotuiiothe presence of an inhibitor [73] :

Fe + H,0 & Fe.H;0,4. (12a)
Fe.H;0.49. + X = FeOH_, + H* + X (12b)
Fe.H,0.4. + X < FeX_, + H,0 (12c)
d
FeOH ,,— + FeOH_, + e (12d)
FeX_, < FeXl, +e (12e)
FeOH_,_ + FeX], <> FeOH" +FeX_,. (12f)
FeOH" +H" &Fe?* + H,0 (129)
where X represents the inhibitor species.
0,6
0,54
0,4 -
g 0,34
S
0,24
0,1+
0,0 T T T T T T T T T T T
0,0 0,1 0,2 0,3 0,4 0,5 0,6
C (g

Figure 8. Langmuir isotherme adsorption ANE on the C38 steel in 1M HCI obtained by polarizatioirves

According to the detailed mechanism above, disphare of some adsorbed water molecules on the metal
surface by inhibitor species to yield the adsorimeermediate FeYads (Eq. (12¢)) reduces the amolittie
speciesFe0 H_ . available for the rate determining step. Such dmisb intermediate could, depending on its

relative solubility, either inhibit or catalyse tbher metal dissolution.
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Conclusion
It can be concluded as follows:

» The Avogado Nuts Extra¢ANE) was found to perform in 1M HCI.

» Polarization studies showed that the compound undestigation was mixed type inhibitor.

* The inhibition efficiency o ANE increased with the concentration and reached anmoax at 0.5 g / L.

» The EIS and polarization curves were in good agez¢m

» Adsorption ofANE on the C38 steel surface from 1M HCI followed tiamgmuir isotherm.

* The inhibition efficience ofANE remain slightly constant with increasing tempematand their
addition led to increase of the activation corrosmergy.

AckowledgementsProf B. Hammouti extends its appreciation to theamsip of Scientific Research at king Saud
University for funding the work through the resdagroup project.
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