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ABSTRACT:

For the aeronautics industry, constraints of mechanical strength are paramount. Aluminum and

its alloys are widely used for various household and industrial applications. Among the various
established and identified aluminum alloys, 7075 alloy, which is an aluminum-zinc, acquires
the best mechanical strength. However, this is sensitive to certain localized corrosion
phenomena such as pitting corrosion. Pumpkin seeds (PS) were evaluated as a corrosion
inhibitor for aluminum alloy 7075-T6 in 3.5% NaCl solution using electrochemical, surface and
theoretical studies. PS showed highest inhibition efficiency of 95% at its 1g/L concentration
(298K). Furthermore, the Pumpkin seeds (PS) acted as a cathodic inhibitor. Adsorption of
Pumpkin seeds (PS) on Aluminum alloy surface corresponds to the Langmuir adsorption
isotherm. Surface studies carried out using scanning electron microscope (SEM), atomic force
microscope (AFM) and X-ray Diffraction (XRD) provide good supports to the polarization and
EIS studies. Surface studies also validate that PS becomes effective by adsorbing on the
metallic surface. Using DFT investigation, it was derived that effectiveness of the major
phytochemical followed the sequence: 9,12-Octadecadienoic acid (Z, Z)-> linoleic acid >

palmitic acid.

Keywords: AA7075-T6, Pumpkin Seeds, corrosion, inhibition,computational simulations,

cathodic-type and Langmuir adsorption isotherm.
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1. Introduction

Alloying of aluminum improves its physiochemical properties. One of the major improvements
of alloying of aluminum is to increase its mechanical strength. Iron, silicon, copper,
magnesium, manganese, and zinc are the major alloying components that constitute around
15% of total aluminum alloy weight. This alloy is identified by a four-digit number in which
the first digit gives identity to a series featured by its major alloying components. The use of
aluminum and its alloys is widespread in the industry, especially in the aeronautical sector. The
surface treatment is often necessary to form a protective layer on the material surface, an
anodic oxidation operation so called anodization is employed. This is usually made using a
stripping/degreasing treatment and followed by a sealing step to ameliorate the oxide layer's
corrosion resistance and form a porous layer consisting of AI(OH); amorphous structure and
crystallized Al,O3. 7000 alloys are aluminum-zinc alloys with or without copper. We will be
interested in 7000 alloys containing copper, the family to which the studied 7075 alloys belong.
These alloys own the highest mechanical properties of all aluminum alloys, but they have poor
corrosion resistance [1].Several authors [2-4] have demonstrated the presence of Al,Cu,Fe and
(Al, Cu) 6 (Fe, Cu) intermetallic compounds in 7000 alloys containing copper. These
compounds are distributed in grains. They have irregular shapes and sizes ranging from 1 to 20

microns [5]. Round particles of Mg,Si of sizes between 1 and 10pum have been identified [2,5].

The inhibition of corrosion of aluminum alloys 7000 has been the subject of earlier works.
Among the most commonly used inhibitors we cite chromates, silicates, and molybdates [6,7].
Experimental techniques such as electrochemical and surface analysis methods have
contributed to the best understanding of the mechanism inhibition of these ions, but most of
them are highly toxic for humans and the environment. These inhibitors may damage the
system organ and may disrupt the corps' enzymatic system [8]. Consequently, plant extracts are
increasingly viewed as green corrosion inhibitors' origin to replace the toxic chemicals
currently employed concerning environmental concerns[9].Pumpkins are members of the
Cucurbitaceae family. Pumpkin seeds and seed oil give many benefits to health due to their
different composition [10]. They are considered a valuable natural source of proteins,
phytosterols, polyunsaturated fatty acids [11], antioxidants, vitamins, and trace elements [12].
Several studies have carried out on the protection of corrosion of metals and alloys by plant
extracts. The present study seeks to investigate Pumpkin seeds' effectiveness against the

corrosion of AA7075-T6 in a 3.5% NacCl solution.



2. Experimental
2.1. Preparation of Inhibitor

Pumpkin seeds were washed to remove impurities, and they were dried. Then, they were
transformed into powder through grinding. The powder was sifted. The powder obtained was
analyzed by Fourier Transform Infrared Spectroscopy (FTIR) and Gas Chromatography-Mass
Spectrometry (type QP2010 Shimadzou) and by Trace gas chromatography / Polaris Q (Gas
Chromatography-Mass Spectrometry, Thermo-Electron).

The samples' FTIR spectra were recorded with a VERTEX 70 device, in the wavelength range
of 400 to 4000cm™!' and using the attenuated total reflection mode (ATR). The powder was
pelletized at about 1% by weight in potassium bromide (KBr) previously stored in an oven at
100°C and under a pressure of about 1000psi (pound-force per square inch).The gas
chromatographic column used helium as a mobile phase. It had 95% dimethyl polysiloxane and
5% phenyl, with a length of 30m, a layer thickness of 0.25um, and an interior diameter of

0.24pum.

2.2. Materials and solutions

Electrochemical measurements were carried out in a three-electrode type cell (Ag/AgCl, 3M
concentration in Cl) used as the reference electrode, although platinum (Pt) as the counter
electrode. The working electrode is AA7075-T6 with an exposure area of 1cm?, prepared by
grinding with abrasive SiC paper (gradation 180,220,360,600,1200,1500,2000), rinsed with
distilled water and degreased. Before each measurement, the sample was immersed in a
corrosion cell to stabilize for two hours.
The pumpkin seeds were easily dissolved at ambient temperature in acetone. Amounts 250,
500, 1000, and 1500ppm of this inhibitor were prepared using 3.5% of NaCl solution
(chlorinated medium)
The AA7075-T6 was used with the composition (weight %) as presented in Tablel:

Table 1. Chemical composition of AA7075-T6 used in weight %

Zn Mg Cu Ct Mn Ti Si Fe Al
581 262 159 0.19 0.01 0.02 0.08 0.23 Balance

2.3. Polarization measurements:

The Aluminum alloy electrode was immersed in the solution for two hours until the evolution
of the open circuit potential (Eocp) as a function of time was constant. The cathodic
polarization curve was registered by polarization from E,, to negative with a sweep rate of
ImV/s. The same electrode remained in solution after this scan until the steady state of the

corrosion potential reached Eocp + 0.02V. Then, the anodic polarization curve was recorded



from Eocp towards the positive direction with the same sweep rate. These measurements were
done using a Potentiostat PGZ 100 monitored by a personal computer. For each concentration,
three independent experiments were performed. The Tafel extrapolation method of the linear
part of the cathodic domain was utilized to extract the corrosion parameters. The corrosion
inhibition efficiency is measured from the corrosion current density values employing the

relationship (1):

.0 s
Leorr — Lleorr

n=—73—x100 (1)

Lcorr

i%, and i ,are the corrosion current density values without and with the inhibitor pumpkin
seeds.
2.4. EIS measurements:
The electrochemical impedance spectroscopy SIE measurements obtained by the analyzer
(Voltalab PGZ 100), the frequency from 100kHz to 0,01Hz with 10 points per decade,
amplitude AC signal was 30mV. All measurements were performed at the open circuit
potential. The obtained impedance data was investigated by a similar electrical circuit using
Bouckamp’s program [13]. The inhibition efficiency was calculated from Rp as indicated by
equation 2:
0

n= RPR;I,RP X 100 (2)

Rg and R, are the polarization resistance values without and with inhibitor pumpkin seeds,

respectively.
2.5. Surface study

The AA7075-T6 is immersed in NaCl 3.5% in the inhibitor's absence and presence to analyze
the corrosion and inhibition effects on the surface morphologies. The AA7075-T6 were dried at
ambient temperature. Micrographs of corroded Aluminum alloy surfaces and those after
inhibitor addition were observed using an SEM model (SEM; JOEL JSM-5500).

AFM analysis was performed on the aluminum alloy 7075-T6 surface to verify the roughness
of the surface. Images were processed using Gwyddion software. The AA7075-T6 samples
surface was immersed for 20h in the blank and inhibited solution. The examination of the

AA7075-T6 sample's surface was carried out using the XRD X’ PERT PRO MPD model.
2.6. Computational study
2.6.1 DFT calculations

DFT based quantum chemical calculations (QCCs) were carried out to demonstrate the
corrosion inhibition potential of some major phytochemicals namely, (Z,Z2)-9,12-Octad-

ecadienoic acid, palmitic acid and linoleic acid for AA7075-T6 in 3.5% sodium chloride



solution. DFT study was conducted in solvated phase using Gaussian 09 software package
involving B3LYP functional and 6-31G (d,p) basis set. DFT analysis of three major
phytochemicals was conducted. Using DFT investigations, interactions efficiency of 9,12-
Octadecadienoic acid, palmitic acid and linoleic acid with aluminum surface was investigated.
Various chemical reactivity parameters including, energies of FMOs (frontier molecular
orbitals) i.e. Egomo; the energy of highest occupied molecular orbital, E; ypo; the energy of
lowest unoccupied molecular orbital, AE; energy band gap (Erumo-Enomo), IP; ionization
potential, EA; electron affinity, n; hardness, ¢ softness, electronegativity and z; dipole moment

were derived using following relationships [14-16]:

3)
Ed=-E;ne @)
2=~V 2(Epomo + Erne) )
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3. Results and discussion
3.1. Chemical composition and characterization of Pumpkin Seeds
Figurel show the vibration bands of pumpkin seeds. Fourier Transform Infrared Spectroscopy

(FTIR) spectral data for PS are given in (Table 2).
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Fig.1.Spectrum IR of pumpkin seeds



Table2.Attribution of the main IR characteristic bands of pumpkin seeds

Wave number cm™! Bond Intensity
3008.5 Cene-H 92.9
2922.59 Cane-H 60.8
2853.16 Cane-H 70.1
1743.52 C=0 57.2
1461.94 Cie-H 82.7
1159.96 C-C 67.1
721.75 C-H 79

The analysis of the IR spectrum of pumpkin seeds shows the presence of an asymmetrical band
located at 2853cm! and another asymmetric band located around 2922cm!, both corresponding
to the elongation vibration of the bond (C-H). The vibration of the bonds' deformation (C-H)
has led to a band in the plan located at 1461cm™! and another out of the plan located at 1461cm-
I. Also, a vibration band was located at 1743 attributed to a C = O bond. Figure 2 shows the
spectrum of gas chromatography and gas chromatography-mass spectroscopy of the PS
dissolved in dichloromethane (CH,Cl,).
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Fig.2.The spectrum of gas chromatography and gas chromatography-mass spectrometry of PS



Table 3. Chemical compounds identified in PS by GC-MS analysis

Compounds name percentage  Molecular weight The chemical structures
% (g/mol)
9,12-Octadecadienoic acid 57,36 280
(Z’Z)- (C18H3202)
Palmitic acid 13,03 256
(Ci6H320,)
Linoleic acid 3,67 280
(C18H3202)
Ethyl (97,127)-9,12- 3,22 308
octadecadienoate (CaH3602)
Squalene 2,48 410
(C30Hs0)
Octadecanoic acid 2,32 284
(C18H3602)
Stearic acid 1,8 284
(C18H3602)
2-Heptenal, (E)- 1,5 112
(C7H120)
(2E.4E)-deca-2,4-dienal 1,45 152
(C1oH;60)
(2E,6Z)-nona-2,6-dienal 1,2 138
(C9H14O)
Cyclotetradecane 1,14 196

(Ci4Hag)




Hexacosane 1,02 366 e

(Cy6Hsa) : HHHH
- g s | S
" H 3
-
Purin-2,6-dione, 1,3,9- 0,9 341
trimethyl-8- [2- (C 1 6H 1 5N5 04)
nitrophenethenyl]-
Androstan-17-one, 3-ethyl- 0,86 318
3 —hydroxy—, (5 . alpha.)— (C2 1H3402)
Stigmasterol 0,82 412
(Co9Hys0)
Undecane 0,77 156
(C11Hyg)
Docosane 0,72 310
(CyoHue)
1-Docosanethiol 0,7 342
(CyoHyeS)
(25)-2,3-dihydroxypropyl 0,61 330
hexadecanoate (Ci9H3504)

Chromatographic analysis of PS by GC/MS showed the presence of 52 compounds, including
9,12-Octadecadienoic acid (Z, Z)- (57.36%), Palmitic acid (13.03%), Linoleic acid (3.67%),
and Ethyl (9Z, 12Z) -9,12-octadecadienoate (3.22%) being the main constituents, these
molecules are shown in table 3.

9,12-Octadecadienoic acid (Z, Z)-is a good antioxidant compound [17].The major chemical

compounds identified in PS have been present in diverse plant species, as in the case of 9,12-
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Octadecadienoic acid (Z,Z)-, the most abundant in the extract of garlic (40,52 % in the total),
and identified in Scenedemusalge.

The other major chemical compounds of PS: octadecanoic acid, stearic acid, and Linoleic acid.
These fatty acids have been studied as corrosion inhibitors. Also, various components minor
such as 1-Docosanethiol, Purin-2,6-dione, 1,3,9-trimethyl-8-[ 2-nitrophenethenyl]-[18].

These compounds comprise oxygen, sulfur, nitrogen as heteroatom and aldehyde functional
groups, and this heteroatom possesses free electron pairs. Furthermore, pumpkin seeds are
devoid of toxicity [19-21].

3.2. Electrochemical measurements

3.2.1. Potentiodynamic polarization measurements

Firstly, we have studied the inhibition of AA7075-T6 under different concentrations of the PS.
Figure 3 presents the current density as a function of potential with different concentrations

(0,0.25,0.5, 1 and 1.5g/L).
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Fig.3.Polarization curves for AA7075-T6 in NaCl 3.5 % after 2 hours of immersion at 298K
without and with different concentrations of PS, |dE/dt| = 1 mV.s™!.

Focusing on the concentration effect, we have seen that, in a wide domain, the current density
decreases as the concentration increases, reaches its maximum of 1g/L. The domain from -1.2
to -0.9V, which we can consider as linear indicates that the change happens in kinetic control
during the cathodic reaction. This comportment may be attributed to the formation of a film
that acts as a diffusion barrier and limits oxygen reduction. Indeed, the reduction plateau
observed without inhibitor is obtained only at high cathodic overvoltage. The diminution in
cathodic current density indicates that the inhibitor is cathodic. Table 4 illustrates the
electrochemical parameters (the corrosion potential (E.,;), corrosion current density (icorn),
slope cathodic (bc), and the inhibition efficiency (n%) for AA7075-T6 in NaCl 3.5%

containing various concentrations of PS at 298K.The Tafel extrapolation method of the linear



part was used (cathodic domain) in Pumpkin Seeds' absence and presence. The values of
inhibition efficiency were calculated from the relation as shown in Eq (1).

Table 4. Electrochemical parameters for AA7075-T6 in NaCl 3.5% in various concentrations of

PS at 298 K.
Ecor(mV/Ag/AgCl) icon(LA/cm?) -fe(mV) El%
Blank -773.7 10.81 359.3
0.25 -742.8 5.26 680.3 51.34
0.5 -784.7 2.2 266.9 79.64
1 -745.12 0.79 369.6 92.7
1.5 -751.05 3.74 401.2 65

We can observe that the increase of PS concentration leads to a decrease in the corrosion
current density. The inhibition efficiency reaches 92.7% at 1g/L. In this case, the adsorption
rate of PS remains higher than its desorption rate. The posterior diminution in the inhibition
efficiency value for the concentration 1.5g/L is due to the desorption of the inhibitor molecules
from the alloy's surface. It can also be due to the reinforcement in corrosion on a relatively
small area of the alloy Aluminum surface, which is not protected by the inhibitor. Comparing
to the efficiency of other inhibitors such as plant-derived cationic dye (78%) [22], Date Palm
(Phoenix dactyllifera L.), and Fruit Juice (63%) [23], the inhibition efficiency obtained in this

study has improved the protection against corrosion.

3.2.2. Electrochemical Impedance Spectroscopy:

The corrosion of AA7075-T6 in 3.5% NaCl solution in the absence and presence of PS was
also studied by electrochemical impedance spectroscopy (EIS) at 298+2K. Nyquist plots of
Aluminum in uninhibited solution and containing various concentrations of PS are given in

Fig4:



91 = Blank
15000 4 0259/

4 O 0.5¢g/

] « 1an

4 X 1.5g/
10000 : — Fitting curves

10000 15000 20000 25000
Z_..(Q cm?)

Fig.4.Nyquist plots of AA7075-T6 in 3.5% NaCl solution with and without various

' T
0 5000

concentrations of PS.
The impedance response of AA7075-T6 in NaCl 3.5% solution was changed after the addition
of inhibitor, and the size of the impedance spectra of the inhibited solution increased with the
inhibitor concentration.
The impedance diagrams in the existence of PS consist of three loops. At high and medium
frequencies, we noticed two loops: relatively bad separated and an inductive loop at the lowest
frequencies. To confirm this result, we have traced the bode plot for these spectra (Fig.5). From
this figure , the Bode plots show two-phase maxima (i.e.Two times constant) at intermediate
and high frequencies.
For more clarity, the first loop capacitive might be assigned to the formation of the protective
film. The second can be attributed to the double layer's relaxation that is parallel with the
charge transfer resistance at the medium frequencies. The inductive loop in lower frequency
may be attributed to the adsorption's relaxation process on the Aluminum surface [24,
25].Nevertheless, based on the work of Chen and his collaborators, the appearance of an
inductive phenomenon could also be possible in the case of the association of electrochemical
and chemical phenomenon: this can be the case of a growing phenomenon of an oxide
associated with its dissolution in the electrolyte [26].The simulation data of the AA7075-T6
immersed in (0.25, 0.5, 1, and 1.5 g/L) of PS in 3.5% NaCl solution after 2hours are presented
as Bode in Fig.5:
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Using the Bouckamp’s program to simulate the EIS diagrams, one equivalent circuit was

utilized Fig.6, the capacitor replaced by a constant phase element, which designates the

existence of dissimilar frequency response, the equation 8 represented the CPE impedance [27].

Zepg (a)) =0 (ja))in

Q(Q.cm=.sn): a constant.
o(rad.s™!): the angular frequency.

n(-1 <n< 1) : the CPE exponent.

(8

The elements form the equivalent circuit are: (Rs: the solution resistance, Ry the film

resistance, R the charge transfer resistance, CPE the constant phase elements, n represent a

depressing feature in the Nyquist diagrams, L the inductance, R, the inductive resistance.

The polarization resistance (R,) was calculated using the following equation 9:

R, =R+ R+ R

Fig.6.model of the equivalent circuit for fitting the data experimental.

9



TableS. Impedance parameters for AA7075-T6 in NaCl 3.5% containing various
Concentrations of Pumpkin Seeds

Rs nF G R  Qf No  Cq Ra Qo R L Rp EI%
Blank 12.53 1 1073 107.3 170.3  0.90 - 1111 16 211 1218
0.25 1734 099 1939 2319 17.83 098 14.28 5691 10.96 2227 2038 5923 79
0.5 1033 095 1348 2255 71.73 099 17.95 3801 16.06  687.7 1477 6056 79
1 39.21  0.89 50.48 3487 13.37 1 9 20353 9 905.2 5641 23840 95
1.5 69.4 1 244 6934 244 099 291 6060 2.64  833.8 233.8 6753 82

Rs, Ret ,Rg, Ry and R, ,are expressed in Q.cm?

C¢,C are given in uF cm

Qrand Q,, are expressed uF cm2S

L is expressed in H.

From the table5, the values of C. and C; decrease by increasing inhibitor concentrations of
pumpkin seeds, while R.; and R¢'s values increased. The significant decrease in the capacitance
values can be attributed to an increase in the double electric layer thickness due to the inhibitor
PS's adsorption on aluminum alloy surface or a decrease in the dielectric constant [28].

The electrolytic resistance Rs change with the increase of the inhibitor concentration PS and
decrease until the optimum value. The authors propose that Rs' change possibly to the galvanic
coupling between the local cells once the molecules of inhibitor PS are adsorbed more and
more on the active sites of AA7075-T6 surface and develop a denser film progressively and as
a result to great inhibiting efficiency [29].

The inhibition efficiency increases with the presence of inhibitor PS. The polarization
resistance R, increases with the addition of inhibitor show the adsorption of inhibitor molecules
at the Alloy/electrolyte interface [30].

3.2.3. Adsorption isotherm:

The Langmuir isotherm presents the best appropriate with the experimental data obtained. The

Langmuir isotherm equation is given by the equations [31].

cC 1

= 10

o k'€ (10

Ko 1 ox —AG°ads a1
55,5 P RT

0 is the degree of surface coverage, K,qs is the equilibrium constant of the process of
adsorption, and C the molar inhibitor concentration. The variation of the ratio Cinh/ 0 as a

function of inhibitor concentration is linear (Fig.7).
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Table 6.Parameters Thermodynamic for the adsorption of PS in NaCl 3.5% on the AA7075-T6
at 298K.

KadsKj/mol AG ads Kj/mol R?
Langmuir 85.10 -20.9 0.99

The coefficient of correlation R? presents the degree of fit between the experimental data and
the equation isotherm, the value obtained 0.99 indicates a very good appropriate between the

data experimental and the Langmuir isotherm.

In general, the values of AG,4 (20Kj/mol or inferior) are consistent with the electrostatic
interaction between the molecules charged and the electrode (physisorption) and the values of
AG,s (40Kj/mol or superior) are consistent with transfer from organic molecules to the

electrode surface (chemisorptions) [32,33].

The AG,gqs values slightly negative of 20 Kj/mol show that the Pumpkin seeds' adsorption action
on Aluminum alloy in NaCl 3.5% solution was physisorption (Table 6).

3.2.4. Effect of temperature:

3.2.4.1. Polarization curves:

Given the importance of the temperature factor, an electrochemical study on the comportment
of alloy 7075 in NaCl 3.5% without and with inhibitor for temperatures between 298 and 328K

was carried out. The obtained polarization curves are presented in Fig 8:
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Fig.8. curves Potentiodynamic polarization of AA7075-T6 in NaCl 3.5 % without and with the
PS 1g/L at various temperatures.

The impact of temperature on inhibition reaction is complex, for many reactions may occur on
the electrode surface for example rupture and desorption of molecules inhibitor. The curves in
the cathodic and anodic part are made according to the same mechanism in the whole

temperature range

Table 7. parameters Electrochemical of AA7075-T6 in NaCl 3.5 % with and without PS at various

temperatures.
Medium Temperature -Ecorr Teorr -Be Pa E%
(mV/ECS) (LA/cm?) (mv/dec) (mv/dec)

3.5% NaCl Blank 298 k -773.7 10.8 359.3 216.1 -
308 k -773.6 76.7 302.1 157 -
318k -716.3 143.6 235 186.3 -
328 k -731.2 171.1 247.3 182 -

Pumpkin 298 k -744.6 0.5 200 258.7 95
Seeds 308 k -717.9 10.6 50.8 61.1 86
lg/L 318k -726.7 25.4 78.1 41.4 82
328 k -746.9 34.1 140.4 42 80

The corresponding data are collected in table7, the evolution in corrosion currents in the
corrosive solution alone (3.5% NaCl) presents a fast and regular development, confirming a
growing metallic dissolution with the increase of temperature. Moreover, no clear trends are
observed in E, values. The increase in corrosion current with temperature in the presence of
inhibitor is widely lower than in the without inhibitor.
3.2.4.2. Thermodynamic part:
The dependence of the logarithm of corrosion rates (LnCR) on the reciprocal of the absolute
temperature (1/T) for blank and pumpkin seeds was examined. The plots obtained are Linear

(Fig. 9), which shows the Arrhenius equation [34-36].

LnCR=-L9 1 1n4 12)
RT



A: the Arrhenius pre-exponential constant.
R: the universal gas constant.

T: the absolute temperature.

Ea: the apparent activation energy

The values obtained from the slope of the linear plots are presented in Table 8.

The linear regression coefficient is near to 1, show that the Aluminum alloy corrosion in NaCl
3.5% solution can be explained by the kinetic model. from Table 8, the Ea of inhibitor PS is
higher than that of the absence. E, values in the presence of pumpkin seeds may be read as
physical adsorption. A wide energy barrier for the corrosion process in inhibitor presence is
related to physical adsorption or low chemical bonding between the molecules of inhibitor and
the Aluminum alloy surface [37,38]. The kinetic parameters (AS, entropy of adsorption),(AH,
enthalpy of adsorption) obtained from equation 13.

RT ASa AHa
1 =——exp| — |exp| — 13
cor Nh p( R j p( RTJ (13)

leorr: the corrosion current density
h: the Plank's constant

N: Avogadro’s number

AH,: the enthalpy of activation

ASa: the entropy of activation.

Fig.9. present the variation of Ln (i./T) as a function of 1/T. The activation parameters (E,,
AH,, and AS,) obtained from the Arrhenius slopes without and with inhibitor pumpkin seeds

(Fig.9) are summarized in Table 8.
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Fig.9.Arrhenius plots of AA7075-T6in NaCl 3,5 % without and with 1g/L of PS.



Table 8. The Values of Ea, AHa, and ASa for AA7075-T6 in NaCl 3.5% in the absence and

presence of PS.

Medium E, AH, AS,
(Kj/mol) (Kj/mol) (Kj/mol)
NaCl BlanK 73.3 70.6 16
3.5% 1g/L (PS) 111.4 108.7 120.3

Ea values with a concentration of 1g/L of Pumpkin seeds are higher than the solution without
inhibitor. This result of activation energy indicates that the studied inhibitor is adsorbed on
aluminum alloy's surface with electrostatic bonds [39,40].The AH, values for Aluminum alloy
in NaCl 3.5% in the presence of inhibitor pumpkin seeds (108.7 kJ mol—1) is higher than the
absence of inhibitor (70.6kJ mol—1) indicate the dissolution of the Aluminum alloy 7075 is
slow [41].Table 8 indicates that the value of AS, increases in the solution inhibited, which
signifies that an increase in disorder occurs during the corrosion process to the activated

complex [42,43].

3.2.5. Effect of immersion time:

In order to investigate the PS adsorption kinetic and calculate the time needed for PS to reach its
maximum efficiency. Fig.10 (a,b) shows the EIS diagrams carried out in the presence and absence
of 1g/L of pumpkin seeds in 3.5% NaCl at different immersion times at 298 K in uninhibited and

inhibited media.
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Fig.10.Nyquist diagrams of immersion times of corrosion the AA7075-T6 in NaCl 3.5% at 298
K (a) without inhibitor, (b) with 1g/L of PS.
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Fig.11.Nyquist plots of AA7075-T6 immersed in 1g/L of PS in 3.5% NaCl after 2 hours.

The size of the capacitive arc in inhibitor PS is wide than that in the blank solution together with

time. The more important data obtained by the equivalent circuit are shown in Table 9.



Table 9. Parameters electrochemical of AA7075-T6 in NaCl 3.5% at 298 K without and with

1g/L of PS at different immersion times

Medium Temps  Rg Cr nF R; Cct Ny R Ry L Rp EI%

(h)

2 12.53 172 1 107.3 8233 090 1111 16 211 1230 -
4 10 105 0.9 815 150 0.85 400 - - 1215 -
6 9.5 212 045 335 141 0.89 505 - - 840 -
22 9 1071 0.95 48 94 0.87 510 284.1 152 558 -
48 3 111 091 741 96 0.88 990 - - 1731 -
2 39 1234 09 3691 1088 095 21715 698 6622 25445 95
4 14 103 0.88 2500 19 0.8 11281 2108 304 13781 91

6 20 108 0.81 1205 34 082 9850 5500 606 11055 92
22 145 232 0.79 998 8 0.72 3850 2038 295 4850 88.5
48 13.5 145 0.77 1650 100 0.72 5450 4025 630 7100 76

Rs, Rt ,Ry, Ry and Ry, ,are expressed in Q.cm?
C¢,C are given in uF cm™

QfandQct are expressed pF cm=2.S

L is expressed in H.

From EIS data, it is evident that the Rp value decreased during the initial 2 h (25.4KQ.cm?)
then increases until 48 h the value of Rp (7.1KQ.cm?). The results reveal that IE % decreases
slightly with increasing immersion time for the initial 2 h (from 95 to 88.5%). This is coherent

with synergistic inhibitor action due to adsorption on aluminum alloy's surface [44].

The appearance and disappearance of the inductive loop at low frequencies during the
immersion time can be attributed to the adsorption/desorption phenomena at the level of the

passive layer's defects or inhibitor layer formed on the metal surface [45].

3.3. Surface analysis
3.3.1. Scanning electron microscopy (SEM):

In the absence and presence of the inhibitor PS, the 7075 aluminum alloy's surface
morphologies in 3.5% NaCl solution were analyzed by the Scanning electron microscopy
(SEM) images, and the surface compositions were identified from their EDX spectra.Fig.12
(a,b) shows the SEM images and the corresponding EDX of the corroded and inhibited surface
of the AA7075-T6 following 2 hours of immersion in 3.5% NaCl solution. Fig 13 present the
SEM images and the corresponding EDX of the inhibited surface of the AA7075-T6 after 20

hours. The results EDX are summarized in table 10.
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Fig .12. Surface morphology and Quantitative EDAX analysis of AA7075-T6 after immersion for 2h in
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Fig .13. Surface morphology and Quantitative EDAX analysis of AA7075-T6 after immersion for 20h in 3.5%
NaCl with PS 1g/L.



The SEM image of 7075-T6 without inhibitor Fif.12 (a) present intense degradation around
the intermetallic particles. In the presence of inhibitor PS (Fig.12.b and 13), the surface
without any grave corrosion attack. We can observe the appearance of a protective layer
thicker and intense.

Table 10. The EDX analysis of the corrosion products formed on AA7075-T6.

Element Blank PS (2h) PS (20h)
Carbon 9.40 12.20 15.55
Nitrogen - 1.53 1.29
Oxygen 16.70 11.26 20.63
Magnesium 2.19 2.18 2.47
Aluminum 53.01 67.93 56.55
Phosphorus - 0.23 1.10
Sulfur - 0.02 0.03
Copper 0.49 2.10 0.71
Zinc 2.52 1.28 1.23

The EDX analysis of the corrosion products formed on AA7075-T6 is shown in Table 10.
Table 10 shows the phase MgZn, was the major intermetallic phase detectable in the
microstructure. Nitrogen N and Sulfur S peaks' appearance indicate that the minority
compounds of PS presented in table 3 are also adsorbed on the alloy surface [46,47].the
presence of phosphorus P is attributed to the presence of diverse bioactive compounds
including vitamins (E,D,K) [48,49], vitamin B group (vitamin B1(CgHgsCoN;4014P))[50],
minerals (P,Ca,Mg,Fe,Cu,Mn,Se 0,08 to 0,4 mg/g) [51,52].As a consequence, these results
justify those obtained from electrochemical measurements.

3.3.2 Atomic force microscope (AFM):

Atomic Force Microscopy (AFM) is a powerful technique that examines surface morphology at
the micron and nanometer scales, the formation of the adsorbed "barrier" layer, and the effects
of inhibitors at the interface. metal /solution[53-57]. Micrographs of the AA7075-T6 surface
immersed in 3.5% NaCl in the absence and presence of PS 1g/L are shown in three dimensions:

Fig.14 (a,b).


https://pubchem.ncbi.nlm.nih.gov/#query=C63H88CoN14O14P

68an

-514n

B87n

-445n ¢

Roughness variation

0’5 L 1 L 1 L 1 L 1 L 1 L
0 5 10 15 20 25 30

X (um)
Fig.14. AFM images and Roughness variation after 24 hours of immersion of AA7075-T6 in 3.5%
NaCl: (a) in the absence and (b) in the presence of PS1g /L.

The major difference observed between the two images is the protective layer on the inhibited
surface (Fig.14.b), attributed to the adsorption of inhibitor molecules to the surface of 7075-T6
aluminum. While, the surface of AA7075-T6 in the uninhibited corrosive solution (Fig.14.a) is
severely damaged. The Arithmetic Average Roughness denoted (Ra) indicates the average
roughness of the surface for the length of the measurement made, that is to say, the average
difference between the peaks and the valleys. The values of the average surface roughness Ra of

the two samples are summarized in Table 11.



Table 11. The average surface roughness values derived from the AFM analysis of the surface of

AA7075-T6 in 3.5% NacCl solution in the absence and presence of PS 1 g /L.

Sample AA7075 AA7T075
NaCl 3.5% NaCl 3.5%+PS1g/L
Ra (nm) 338 103

The result obtained on 30 x 30 pm? images shows that the surface roughness (Ra) is 338 nm for
the uninhibited AA 7075-T6 surface. The addition of PS 1g/L reduces the average roughness
value (Ra) at 103 nm due to the formation of a protective layer on the aluminum surface.

3.3.2 X-ray diffraction analysis:

The X-ray diffraction measurements of AA7075-T6 were performed to identify the corrosion
products formed on the specimen surface. The XRD patterns of AA7075-T6 with and without
inhibitor in 3.5% NaCl solution after 20 h are represented in Fig. 15.
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Fig. 15. XRD patterns of AA7075-T6 in NaCl 3.5% with and without PS

Three major peaks were identified as Al with higher intensity. Two peaks corresponded to the
MgZn, phase, and Al(OH); with lower intensity values. A very small intensity peak
corresponding to the MgZn, precipitate is observed without any other intermetallic compounds.
The intensity of AI(OH); peaks decreases in the presence of PS, suggesting that protection is
formed with inhibitor [58-60].
There may be some other compositions present in PS which XRD cannot detect. The

theoretical calculations would help us to explain it.



3.4. Computational study
Optimized, HOMO and LUMO
palmitic acid and linoleic acid derived through Gaussian 09 software are presented in Figure 16

and numerous DFT parameters are presented in Table 12.

Phytochemical Optimized HOMO LUMO
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Linoleic acid

Fig.16.0ptimized, HOMO and LUMO molecular orbital pictures of Z,Z)- 9,12-
Octadecadienoic acid, palmitic acid and linoleic acid derived through Gaussian 09 software.

Table 12.DFT parameters derived for (Z,2)- 9,12-Octad-ecadienoic, palmitic acid and linoleic
acid calculated using Gaussian 09 software.

Phytochemical EHOMO ELUMO AE IP EA n % (g AN 1
(eV) (eV) (eV) (Debye)
Palmitic acid -7.293  -0.178 7.115 7.293 0.178  3.557 3.735 0.281 0.152 1.717
Linoleic acid -6.226  0.055 6.281 6.226 -0.055 3.140 3.085 0318 0.276 1.298

(Z,72)- 9,12-Octad- -5.940 0.066 6.006 5940 -0.066 3.003 2937 0.333 0.313 1.702
ecadienoic

It can be seen that FMOs (HOMO and LUMO) are localized over some specific parts of the
molecules. These parts are responsible for charge sharing with the metallic surface. It is assume
that localized regions in HOMO are responsible for electron donation and localized regions in
LUMO are responsible for electron acceptance [30, 61-63]. In (Z,Z)- 9,12-Octad-ecadienoic
and linoleic acid, HOMO is localized over the double bond(s) indicating that these molecules
transfer their m-electrons into the empty orbitals of surface aluminum atoms. On the other hand,
HOMO in palmitic acid is localized over the hydrocarbon chain. Careful observation of the

Figure 16 shows that LUMO is localized over carboxylic functional group



(~COOH) in all investigated phytochemicals indicating that -COOH moiety is mainly involves

in charge acceptance because of its electron withdrawing ability.

Obviously, Egomo represents ability of a molecule to donate its electrons to an
appropriate acceptor molecule. Therefore, a high value of Eyomo is associated with higher
inhibition efficiency. Investigation of the results presented in Table 12, shows that values of
Enowmo are increasing (in positive) on moving top to bottom i.e. palmitic acid has lowest value
of Egomo and (Z,Z)- 9,12-Octad-ecadienoic has its highest value. This observation suggests that
(Z,Z)- 9,12-Octad-ecadienoic is the best phytochemical and palmitic acid is the least effective
anticorrosive phytochemical. The linoleic acid acquires the intermediate position. Conversely,
ErLumo denotes the electron accepting property of a molecule and its lower value is associated
with high chemical reactivity as well as high corrosion inhibition potential. Outcomes
presented in Table 12 show that values of E;yyo for (Z,Z2)- 9,12-Octad-ecadienoic, palmitic
acid and linoleic acid don’t exhibit any regular trends. Energy band gap, AE (ELumo-Enomo) 18
another reactivity parameter in the term of which corrosion inhibition potential of an organic
compound can be described. Obviously, a lesser value of AE is consistent with high chemical
reactivity and corrosion inhibition potential and vice versa. Observation of the AE values
presented in Table 12 shows that (Z,Z)- 9,12-Octad-ecadienoic acquires the lowest value of AE
whereas palmitic acquires its highest value. This observation further suggests that (Z,Z)- 9,12-
Octad- ecadienoic is the best and palmitic acid is the least effective phytochemicals. Values of
ionization potential (IP) and electron affinity (EA) are consistent with the values of Eyonmo and

ErLumo, respectively.

Generally, a lower value of hardness (77) and electronegativity () are associated with
high chemical reactivity as well as high inhibition potential [30-32]. Results shows that (Z,Z)-
9,12-Octad-ecadienoic has lowest values of hardness and electronegativity therefore it would
be most effective anticorrosive species among the investigated phytochemicals. On the other
hand, converse is true for palmitic acid, which is the least effective species. Lastly, values of
global softness (o) were also derived for (Z,Z)- 9,12-Octad- ecadienoic, palmitic acid and
linoleic acid. Generally, a chemical species having smaller value of global softness is
associated with high chemical reactivity and corrosion inhibition potential and vice versa.
Results presented in Table 12 shows that (Z,Z)- 9,12-Octad- ecadienoic is the most effective
anticorrosive species and palmitic acid is the least effective chemical species. Magnitude of
dipole moment () don’t show any regular trends. On the basic of above discussions,
effectiveness of the phytochemicals investigated through DFT studies followed the sequence:

(Z,72)- 9,12-Octad- ecadienoic > linoleic acid > palmitic acid.



3.5. Mechanism of corrosion/Inhibition AA7075-T6:

The presence of multiple heterogeneities formed during structural hardening of 7000 series
aluminum alloys causes a considerable decrease in corrosion resistance properties. These
heterogeneities are the source of localized corrosion phenomena [64]. The Al;Cu,Fe phase has
a corrosion potential superior to that of the matrix of the 7075 alloy. This phase seems to adopt
a generally passive character attributed to forming an Al,O; or Al(OH); alumina layer by
certain authors [65].In alloy 7075, the matrix adjacent to the Al,Cu,Fe particle will preferably
be dissolved compared to the Al,Cu phase.

According to Birbilis, the alloy matrix's corrosion potential is stable around -0.75 V/ECS [66]
at this potential, the Al;Cu,Fe phase is cathodically polarized. The exchange current associated
with the reduction of oxygen is high. Compared with the Al,Cu phase, the rate of oxygen
reduction in the Al;Cu,Fe phase is three times higher, indicating greater cathodic activity. This
phenomenon is attributed to the presence of copper and iron in the phase. The local formation
of OH- ions (local increase in pH), due to the significant reduction in oxygen on the Al,Cu,Fe
phase, seems to help increase the rate of dissolution of the surrounding matrix (cathodic
corrosion) [67].Overall, the electrochemical behavior of the Al,Cu,Fe phase is similar to that of
the Al,Cu phase, with the only exception that the presence of iron catalyzes the oxygen
reduction[68].In contrary to the majority of cathodic-type intermetallic phases (Al,Cu and
Al;,CuyFe), MgZn, particles seem to have an active behavior in chloride medium with a
potential between -1 and -1.05 V / ECS [69,70].1t should be noted that this type of particle

progressively oxidizes with increasing potential.

The MgZn, phase has an inferior corrosion potential than that of the matrix of the 7000 alloy.
Furthermore, the corrosion current of the MgZn, phase is superior to that of the matrix. The
corrosion kinetics of 7075 aluminum alloy is governed on one part by the anodic process, the
dissolution of the matrix, and on the other part by the reduction of dissolved oxygen. Corrosion
takes place at the null current of the sum of these two processes. The electrochemical and
theoretical results obtained showed that PS capable of significantly and notably reducing the
rate of corrosion limiting the two reactions: the cathodic reaction taking place on the
intermetallic phases rich in Cu and Zn, seats of the reduction of dissolved oxygen, and the

anodic reaction, seat of the dissolution of the surrounding matrix.
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Fig.17.Schematic representation of the corrosion/protection mechanisms for AA7075-T6 in the
presence of PS.

4. CONCLUSIONS

The corrosion inhibition efficiency of AA7075-T6 in NaCl 3,5% by Pumpkin seeds has been

investigated utilizing electrochemical measurement, surface analysis, and theoretical studies.

The following conclusions were drawn from the study:

PS serves as a good inhibitor for aluminum alloy 7075-T6 corrosion in 3.5% NaCl
solution.

Inhibition efficiency of PS increases on increasing its concentration and maximum
values of inhibition efficiency of 95% was obtained at 1g/L.

Tafel polarization study suggests that PS acts as a cathodic type inhibitor.

Adsorption of pumpkin seeds on the AA7075-T6 surface was consistent with the
Langmuir adsorption isotherm.

Thermodynamic parameters show that PS effectively and spontaneously adsorbs on the
aluminum surface.

Decrease in the protection efficiency was observed with rise in the immersion time.
Results derived from SEM/EDAX, AFM, and XRD analyses were consistent with the
results of PDP and EIS studies.

Experimental and computational results were in good agreement.
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Highlights
- Pumpkin seeds (PS) acts as effective inhibitors for aluminum corrosion
- The adsorption of PS followed the Langmuir isotherm model.

-adsorption on the surface is analyzed by AFM and SEM/EDAX, techniques

-Theoretical data provide in-depth understanding of the experimental results.
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