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Abstract

Aluminum alloy corrosion behavior (AA6063) in a OM hydrochloric acid (HCI)
solution was studied. It has been observed that etiianolic extract ofCordia
dichotoma seeds (EEdS) acts as an excellent inhibitor for AA6063 coiwasin a 0.5
M HCI solution. In this study, conventional weigbss, Fourier transformed infra-red
spectroscopy (FTIR), electrochemical impedance tspsmopy (EIS) and scanning
electron microscopy (SEM) analysis techniques wesed. It was found that the
percentage inhibition efficiency increased with Hag CdS concentrations. The
thermodynamic and kinetic parameters, along with éqguilibrium constant for the
adsorption processes, showed that CdS performddasein inhibitor. CdS adsorption
on the alloy followed the Langmuir adsorption isoth, at all the studied
concentrations. FTIR, EIS and SEM investigatiorso ahdicated that CdS presence
effectively lowered the dissolution currents.

Keywords: 6063 aluminum alloyCordia dichotoma, inhibitor, FTIR and SEM.

Introduction

Corrosion inhibition is one of the most effectivedaeconomic methods used in
industries, to reduce the corrosion rate of megadd alloys in contact with
aggressive environments [1]. Most of the corrosiohibitors are synthetic
chemicals. Many studies have been devoted to alumir{Al) corrosion
inhibition in acidic media by inorganic anions, limting chromate, phosphate,
molybdate, tungstate, vanadate, etc. [2]. In sotdiess, most organic inhibitors
act by adsorption onto the metal surface, througfierbatoms such as O, N, S,
triple bond or aromatic ring. These organic compisuare adsorbed onto the
metal surface, and block the active corrosion sitéese synthetic compounds
show good anticorrosive activity, but most of thame highly toxic, expensive
and very hazardous to the environment. Recentéyethphasis has been put on
exploring natural products to be used as altereatmon-toxic, easily available,
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low cost and eco-friendly green corrosion inhilst¢8-6]. Earlier studies show
that natural products of plant origin, containingfedtent organic compounds,
such as vitamins, flavonoids, tannins, alkaloidsirn® acids, etc., have very
good inhibiting action on metallic corrosion [7-10]

The aim of the present investigation was to eval@anaturally occurring low
cost and environmentally safe substance, Cerdia dichotoma seeds CdS), for
the use in the Al alloy (“AA6063") acid corrosionhibition. The study of the
effectiveness of the ethanolic extract @frdia dichotoma seeds (EEdS) on
AA6063 acid corrosion has been evaluated using c#rmand electrochemical
methods. EECdS adsorption behavior onto AA6063aserfwas analyzed by
FTIR spectroscopy. A protective layer formed on #il®y surface was also
justified by SEM analysis. EECAS inhibitory actiaras explained, and various
adsorption isotherms were tested to fit in to tlesults. Electrochemical
measurements were also performed to critically yeeakhe findings of other
methods. From the results, it is suggested thatd=E€an be used as a green
inhibitor for AA6063 acid corrosion.

Cordia dichotoma is a medium sized tree, widespread in Rajasthmha, where
it is locally known as Lashooda or Lesua. It yietttible fruits, from which a
very sticky white substance can be extracted, wihiée leaves, fruit, bark and
seeds exhibit anti-diabetic, antiulcer, anti-inflaatory, immune-modulator and
analgesic properties [11-14]. The scientific clasation of the Cordia
dichotoma is as follows: kingdom Plantae; family - Boraginaceae;, genus -
Cordia; species C. dichotoma; bionomical name Cordia dichotoma. Cordia
dichotoma seeds have disclosed the presence of a-amyrindinheictacosanol,
lupeol-3-rhamnoside, B-sitosterol, p-sitosterol-3-glucoside, hentricontanol,
hentricontane, taxifolin-3, 5-dirhmnoside and hesipe7-rhamnoside [15-17].
Some investigations show their adsorptive propestgr a metal surface, and
their anticorrosive behavior [18-20]. The structafesome chemical constituents
of CdS is:

: OH
OH
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OH o]

B-Sitosterol Taxifolin

The constituents present @ordia dichotoma are found to be effective for mild
steel corrosion inhibition activity in acidic medi].

Experimental

Materials and methods

To determine the inhibitive property of EECdS on @083 in acidic media,
chemical and electrochemical methods were emplof#dhe used aggressive
solutions (0.5 M HCI) were made of AR grade reagemt deionized water. All
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sets of experiments were performed in triplicadegdnfirm the reproducibility of
the results. Preparation of test solutions, cleaoinAl coupons and preparation
of CdS ethanolic extract were done as per starqlactices [22-24].

Preparation of Al coupons

Industrial AA6063 of 98.99% purity has been usedtést coupons. For weight
loss experiments, mechanically press cut rectangudapons (3 cm x 2 cm X
0.16 cm), with a hole of about 0.12 mm of diametear the upper edge, were
used. These were carefully examined to check foghoedges, and the surface
treatment of the coupons was carried out by usargus grades of emery paper
(110 to 410), until the surface was free from stras and other apparent defects.
Then, they were degreased in acetone, finally whghth bi-distilled water, and
dried in an oven. Thereafter, these specimens kepein desiccators, until they
cooled to room temperature, and then accuratelgtvesi using a digital balance.
They were further subjected to heating, cooling amighing, until a constant
weight was obtained, and then kept in desiccafbing surface treatment was
immediately carried out before each corrosion [&S}

Ethanolic extract of cordia dichotoma seeds (EECdS)

The stock solutions otordia dichotoma seeds were prepared by soaking a
weighed amount, dried at room temperature andyfipelvdered, in a properly
corked container containing distilled ethanol.ES mass was found to be 25.0
g/L of the plant compound. On the soaking periothgietion, the ethanolic
solutions were refluxed for 24 h, to concentrate ihhibiting chemicals, and
then filtered to remove any suspended impuritigsis Tstock solution of the
extractwas stored in a clean corked bottle, and usedasitor.

Preparation of test solutions

The aggressive solutions were measured to 100 ndeven separate beakers,
labeled as SO, S1, S2, S3, S4, S5 and S&dBEwvas added in order to
increasing concentration, as to have 0.025, 0.075,5, 0.275, 0.542 and 1.05
g/L, respectively, in S1, S2, S3, S4, S5 and Stdrysa while no extract was
added to SO, i.e., the first beaker solution. Ak tbeakers were kept unstirred,
and covered with Teflon tape throughout the expenim

Fourier-transform infrared (FTIR) spectroscopy

FTIR analysis was carried out to identify the fumcal groups present in
EECdS, and those in the corrosion products. Thetspevere recorded with the
8400s Shimadzu, Japan spectrometer, by scanningatnples through a wave
number range of 400 to 4000 ¢niThe samples were prepared for the analysis
using KBr [26].

Electrochemical method

Electrochemical measurements were carried out wsitngee electrode chemical
cell attached with a PGSTAT 12 potentiostat [Aubofaake with GPES software
(EcoChemie)] connected to a personal computer.hFetsctrodes and solutions
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were used for each experimentation sets [27]. Enated solutions were kept in
an unstirred position during the measurementsjan@erature of 298+1 K.

The AA6063 specimen embedded in Teflon tape withegmosed area of 0.34
cn? was used as working electrode, while the counmst®mde was a platinum
wire, and the reference electrode was saturatedAgkg)/KCl. Initially, the
working electrode was put in the test solution, &ftlfor 10 min at the open
circuit potential.

The EIS measurements were carried out using ACalsgosf amplitude 20 mV
peak-to peak at the open circuit potential, infteguency range of 10 000 Hz to
0.5 Hz. After the impedance spectrum was obtaitietlpolarization curves were
immediately recorded by changing the electroderyiate

Potentiostatic polarization measurements

Using the above explained spectrum, the effect BC&S concentration on
electrochemical parameters values, such as corrosiorent density ),
corrosion potential (&r) and polarization resistancepjRwas calculated. The so
obtained corrosion rate was used to find out EEg@thition efficiency value
in an acidic environment (0.5 M HCI).

Electrochemical Impedance Spectroscopy (EIS) measurements

EIS plots were analyzed in an acidic medium (0.5HKI) with and without
inhibitor, for AA6063 coupons. The measurements Bt studies were made
with optimum EECdS concentrations in inhibited siolos.

The inhibition efficiency was calculated by usirge tcharge transfer resistance
(Ret) values obtained for uninhibited and inhibited tijo@um concentration)
solutions. The measurements were carried out at temperature (2981 K).

Scanning electron microscopy
AA6063 surface morphology, before and after imnmersn the corrosion media,
was examined using a SEM machine model- QuantaBBb [28-31].

Results and discussion

FTIR analysis of the extract and corrosion product

EECdSadsorption onto AA6063 was analyzed by carrying BUtR spectral
studies (Figs. 1 and 2), using KBr pellet method.

To understand the inhibitor adsorption mechanis® peaks in thepectra were
identified for various functional groupspresent in EECdS, and in AA6063
corrosion products, which are shown in Table Wds found that the OH stretch
at 3600 crrt shifted to 3610 cm, the C-H stretchat 2960 chshifted to 2800 cm
1 and cyclic five member aldehyde and ketone steett 1900 cm shifted to
1860 cm'. EECdSspectra values indicated that there was an inierabetween
EECdS and the metal surface, and that these furattgroups were involved in
the formation of a bond with AA6063. Moreover, @arcbe affirmed that the
functional groups have coordinated with thé*Abrmed on the metal surface,
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resulting in the Al* extract complex formation on the metal surface, cihi
promoted the coupon surface corrosion inhibitiod-22].
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Figure 1. FTIR spectrum of EECdS.
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Figure 2. FTIR spectra of EECdS adsorbed film onto AA606Based in 0.5 M HCI
containing the highest inhibitor concentration7ath of immersion time period.

Weight loss measurements

The inhibitor effect on AA6063 acid corrosion wasdied using the weight loss
technique at room temperature, during various insioar time periods.
Corrosion and adsorptive parameters such as comasite fcor) (in mmy?),
percentage inhibition efficiency (IE%), fractionaurface coverage 6,
adsorption equilibrium constant £ etc., have been calculated, and are
included in Table 2.

It has been observed from Fig. 3 and Table 2 tiateight loss decreased with
EECdS addition. This trend may result from the fdt the adsorption and
surface coverage increase with higher inhibitorcemtrations. Thus, the surface
is efficiently protected from the medium. The agdmn of such compounds
onto the metal surface creates a barrier for changemass transfer, leading to a
decrease in the interaction between the metal hadcorrosion solution. The
presence of this barrier film inhibits the metaifaoe corrosion [32-33].
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Table 1.Peaks of IR adsorbed onto AA6063 and EECdS.

Pure extract of EECdS Extract adsorbed onto AA6063
Frequency (cm™) Assigned peak Frequency (cm™) Assigned peak
3600 OH stretching 3610 OH stretching
2960 C-H stretching 2880 C-H stretching
2760 Aliphatic and aromatic C-H
stretching
2360 C (triple bond) N stretching
1900 Cyclic five membered 1860 Cyclic five membered
aldehyde and ketone aldehyde and ketone
1700 Aromatic C=0 stretching
1425 C-C stretching (in ring) 1640 C-C stretching (in ring)
1350 C-O stretching primary
alcohol
1150 C-N stretching
950 tertiary alcohol
800 aliphatic amine
700 mono substituted alkenes
525 para di substituted benzene

Fig. 4 represents the effect of varying EECd$centrations and increasing
immersion times on the AA6063 specimen corrosiae,ran uninhibited and
inhibited solutions.

It was observed that the corrosion rates were |lahvan the value obtained for
the blank solution, indicating that EEC@8dition inhibits AA6063 corrosion.
The corrosion rate decreased as the inhibitor cdre®on increased. This
behavior is the result of EECdS increased adsor@ta coverage onto the metal
surface. The corrosion rate, with respect to thenérsion time period in an
uninhibited solution, sharply decrease up to 4&fter that, for an immersion
time period of 72 h, a slightly increase was obsdni his means that, at higher
immersion time periods, a corrosion product wasnim. At lower inhibitor
concentrations, the same trend was observed, buthigiher inhibitor
concentrations, the corrosion rate decreased witin@eased period of contact.
The minimum corrosion rate was found to be 0.0838y at 72 h, for the
highest inhibitor concentration (1.05 g/L), thusarly indicating that, at higher
immersion time periods, the corrosion rate was feskto be independent from
EECdS concentration.

Variation in inhibition efficiency with immersion time and inhibitor
concentration

The effect of the exposure time variation on thebiity of EECAS inhibitive
behavior has been shown in Fig. 5, which reveads itftcrease in inhibition
efficiency (90.63%), at 72 h. Further good inhimtiefficiency was obtained for
the lowest inhibitor concentration, at longer imsien time periods, which
means that lower concentrations are sufficientrfbibiting corrosion.
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Table 2 Corrosion parameters of AA6063 acid corrosiorthaiit and with different
EECdS concentrations, for various immersion tinmgsdt a temperature of 303 K.

EECdS Weight | Corrosion rate Inhibition Fractional surface Adsorption
Time | concentration loss (Pcorr) efficiency coverage equilibrium
(h) (g/L) (mg) (mmy?) (IE%) (6) constant
(Kad)
SO 4.0 2.68225
51 (0.025) 3.4 2.27991 15.00 0.15000 7.058824
5§52 (0.075) 3 2.01168 25.00 0.25000 4.444444
3 $3(0.175) 2.8 1.87757 30.00 0.30000 2.448980
54 (0.275) 24 1.60935 40.00 0.40000 2.424242
§5(0.542) 2.3 1.54229 42.50 0.42500 1.361699
$6 (1.05) 1.9 1.27407 52.50 0.52500 1.052632
SO 6.0 2.01168
51 (0.025) 5.0 1.67640 16.67 0.16667 8.000000
5§52 (0.075) 4.2 1.40818 30.00 0.30000 5.714286
6 $3(0.175) 3.9 1.30759 35.00 0.35000 3.076923
54 (0.275) 3.1 1.03937 48.33 0.48333 3.401760
§5(0.542) 3.0 1.00584 50.00 0.50000 1.842299
$6 (1.05) 2.9 0.97231 51.67 0.51667 1.018062
SO 9.0 1.50876
51 (0.025) 7.0 1.17348 22.22 0.22222 11.428571
5§52 (0.075) 6.5 1.08966 27.78 0.27778 5.128205
12 $3(0.175) 5.8 0.97231 35.56 0.35556 3.152709
54 (0.275) 4.6 0.77115 48.89 0.48889 3.478261
§5 (0.542) 4.4 0.73762 51.11 0.51111 1.926040
$6 (1.05) 4.0 0.67056 55.56 0.55556 1.190476
SO 12 1.00584
51 (0.025) 9.0 0.75438 25.00 0.25000 13.333333
5§52 (0.075) 7.5 0.62865 37.50 0.37500 8.000000
24 $3(0.175) 6.3 0.52807 47.50 0.47500 5.170068
54 (0.275) 5.0 0.41910 58.33 0.58333 5.090909
§5 (0.542) 4.0 0.33528 66.67 0.66667 3.684598
S6 (1.05) 3.0 0.25146 75.00 0.75000 2.857143
SO 19 0.79629
51 (0.025) 12 0.50292 36.84 0.36842 23.333333
5§52 (0.075) 10 0.41910 47.37 0.47368 12.000000
48 5$3(0.175) 8.0 0.33528 57.89 0.57895 7.857143
54 (0.275) 7.0 0.29337 63.16 0.63158 6.233766
§5 (0.542) 5.0 0.20955 73.68 0.73684 5.158438
S6 (1.05) 3.2 0.13411 83.16 0.83158 4.702381
SO 32 0.89408
5§1(0.025) 21 0.58674 34.38 0.34375 20.952381
5§52 (0.075) 18 0.50292 43.75 0.43750 10.370370
72 5$3(0.175) 12 0.33528 62.50 0.62500 9.523810
54 (0.275) 7.0 0.19558 78.13 0.78125 12.987013
§5 (0.542) 5.0 0.13970 84.38 0.84375 9.948416
S6 (1.05) 3.0 0.08382 90.63 0.90625 9.206349




S Sharma & Y.C. Sharma/ Port. Electrochim. Acta 37 (2019) 1-22

Weightloss (mg)

-10

-20

40

30 -

20 -

10

12 24

Immersion Time (h)

@s3
mSs4
@S5
mS6

Figure 3. Weight loss vs. immersion time, without and witlarieus EEAS
concentrations, at room temperature (303 K).
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Figure 4. Corrosion rate vs. immersion time, without and hwitarious EEdS
concentrations, at room temperature (303 K).
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Figure 5. Inhibition efficiency (IE%) vs. various immersigimes for different EECdS
concentrations, at room temperature (303 K).

Fig. 6 shows the variation in IE% with the variatian the inhibitor
concentration. It was observed that IE% increaseth vhigher inhibitor
concentrations, and the maximum IE% value was founthe 90.63%, for a
concentration of 1.05 g/L. The increase in IE% witlyher concentrations
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indicates an increase in the number of componetas®rbed onto the metal
surface, by blocking the active sites.
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Figure 6. Inhibition efficiency (IE%) vs. various EECdS cont&tions, with different
immersion times (h), at room temperature (303 K).
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Figure 7. Weight loss vs. concentration, at temperatures3@3-353 K, with an
immersion time of 72h.

Effect of temperature on the inhibition efficiency and corrosion rate

Theeffect of temperature variation is very complex;dgse many changes occur
on the metal surface, such as inhibitor desorptiapid etching and, moreover, it
may undergo decomposition at high temperaturescélehe temperature (in the
range of 293-353 K) effect on the adsorption artd/ation parameters was also
studied. Weight loss measurements were carriethdbe absence and presence
of various inhibitor (EEdS) concentrations, at an immersion time period 2f
h.

From the experimental data, corrosion parametess as corrosion ratepdr)
(mmy?), IE (%), fractional surface coverag®)(and adsorption equilibrium
constant (KJ), etc., were obtained, and are shown in Tabled?Fag. 7. Table 3
and Fig. 8 show the effect of EECdS concentratianation on the weight loss
and corrosion rate, at different temperatures, Wwiulearly indicates that there
was a progressive increase in the corrosion rateeagemperature is increased,
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and a decrease with higher EECdS concentrationgnfammersion time period
of 72 h.

Table 3. AA6063 corrosion parameters, with EECdS variousceatrations, at various
temperatures, for an immersion time of 72 h.

Temperature EECdS Weight | Corrosion | Inhibition Fractional Adsorption
(1 K) concentration loss rate (pcor) | efficiency surface equilibrium
(/L) (mg) (mmy) (IE%) coverage @) | constant (Kad)
SC 6.0C 0.167¢
S1 (0.025 4.8C 0.134: 20.0¢ 0.200( 10.000(
S2 (0.075 4.3C 0.120: 28.3¢ 0.283: 5.271:
293 S3(0.175 3.2C 0.089¢ 46.67 0.466" 5.000(
S4 (0.275 3.0C 0.083¢ 50.0( 0.500( 3.636¢
S5 (0.542 2.5C 0.069¢ 58.3¢ 0.583: 2.579:
S6 (1.05 2.0C 0.0559 66.61 0.666" 1.904¢
SC 32.C 0.894:
S1 (0.025 21.C 0.586" 34.3¢ 0.343¢ 20.952-
S2 (0.075 18.C 0.502¢ 43.7¢ 0.437¢ 10.370-
303 S3(0.175 12.C 0.335: 62.5( 0.625( 9.523¢
S4 (0.275 7.0C 0.195¢ 78.12¢ 0.781: 12.987(
S5 (0.542 5.0C 0.139: 84.37: 0.843¢ 9.948:¢
S6 (1.05 3.0C 0.083¢ 90.6: 0.906: 9.206:
SC 64.C 1.788:
S1 (0.025 32.C 0.894: 50.0¢ 0.500( 40.000(
S2 (0.075 29.C 0.810s 54.6¢ 0.546¢ 16.092(
S3(0.175 21.C 0.586" 67.1¢ 0.671¢ 11.700°
313 S4 (0.275 18.C 0.502¢ 7188 0.718t¢ 9.292¢
S5 (0.542 14.C 0.391: 78.1% 0.781: 6.579¢
S6 (1.05 9.0C 0.251¢ 85.9¢ 0.859: 5.820:
SC 85.C 2.374¢
S1 (0.025 68.1 1.902: 19.8¢ 0.198t¢ 9.926¢
S2 (0.07& 53.C 1.480¢ 37.6¢ 0.376¢ 8.050:
393 S3(0.175 52.C 1.452¢ 38.8:¢ 0.38¢2 3.626¢
S4 (0.275 31.C 0.866: 63.5¢ 0.635! 6.334:
S5 (0.542 23.C 0.642¢ 72.9¢ 0.729: 4.966.
S6 (1.05 26.C 0.726¢ 69.4] 0.694: 2.161:
SC 334.( 9.332(
S1 (0.025 277.( 7.739¢ 17.07 0.170° 8.231(
S2 (0.07& 221.( 6.174¢ 33.8¢ 0.338: 6.817¢
S3(0.175 218.( 6.090¢ 34.7¢ 0.347: 3.040¢
333 S4 (0.275 129.( 3.604: 61.3¢ 0.613¢ 5.778
S5 (0.542 119.( 3.324¢ 64.31 0.643" 3.328¢
S6 (1.05 0.1 3.017¢ 67.6¢ 0.676¢ 1.992¢
SC 593.( 16.568!
S1 (0.025 415.( 11.595: 30.02 0.300: 17.156¢
S2 (0.07& 408.( 11.399! 31.2( 0.312( 6.045¢
S3(0.175 395.( 11.036: 33.3¢ 0.333¢ 2.864«
343 S4 (0.275 295.( 8.242: 50.2¢ 0.502¢ 3.673:
S5 (0.542 289.( 8.074: 51.2¢ 0.512¢ 1.937¢
S6 (1.05 258.( 7.208¢ 56.4¢ 0.564¢ 1.236¢
SC 946.( 26.431%
S1 (0.025 659.( 18.412! 30.3¢ 0.303¢ 17.420:
S2 (0.07& 635.( 17.741¢ 32.8¢ 0.328t¢ 6.530:
353 S3(0.175 524.( 14.640t 44.61 0.446: 4.602(
S4 (0.275 509.( 14.221! 46.1¢ 0.461¢ 3.122(
S5 (0.542 478.( 13.355! 49.4i 0.494" 1.803¢
S6 (1.05 465.( 12.992: 50.8¢ 0.508¢ 0.985:

10



S Sharma & Y.C. Sharma/ Port. Electrochim. Acta 37 (2019) 1-22

These findings confirm that the corrosion rate epehdent on temperature and
concentration. The minimum corrosion rate was oleeat 293 K, at the highest
inhibitor concentration (1.05 g/L).
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Figure 8. Corrosion rate vs. EECdS concentration, at diffetemperatures.
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Figure 9. Inhibition efficiency (%) vs. temperature, at \ars EECdS concentrations.

Table 3 and Fig. 9 illustrate the effect of IE%igton on different temperatures,
at different EECdS concentrations. The obtained dateal that the highest IE%
found at room temperature was 90.63%, which deeckagth an increase in
temperature. It was found that the inhibition efficy increased with higher
EECdS concentrations, at all temperatures, whicAnseE is dependent on the
concentration. But at a temperature of 323 K, areption was found, where the
second highest concentration yielded maximum itibibiefficiency.

The continual decline in the inhibition efficienagyth the increase in temperature
may be due to the thermal agitation, as well agh® desorption process
occurring because of the breakdown of bulky molegsuln smaller size
molecules. It has also been found that, at higkmperatures, lower amounts of
inhibitor inhibit the corrosion proces€ordia dichotoma (lashooda) is found in
regions (e.g., Rajasthan), where temperatures rmoge22 to 50C, during the
year. The results of this study reveal that Laslhdwas good inhibition efficiency
in the reported temperature range.

11
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Kinetic treatment of weight loss results
AA6063 corrosion reaction for the uninhibited antlibited solutions obeys the
kinetic relationship:

log pcorr=10g k + B 1ogCinn (1)
where K is the rate constant, equapderat unity inhibitor concentration; B is the
reaction constant which, in the present case, esntieasure for the inhibitor
effectiveness; and it is EECdS concentration. Fig. 10 represents theesuof
log pcorr Versudog Cinn, at various temperatures, for an immersion timeoggkeaf
24 h. The straight lines show that the kinetic paters (k and B) can be
calculated by eq. 1.

log o
|
]
|

+293
m303
A313

323

——— 333

—— @343

353

-1.125 0.757 0,561 -0.265 0.021

lag C

Figure 10. Curve fitting of the corrosion rate in the pressrmnd absence of various
EECdS concentrations, at different temperature24d.

The data obtained from the plots are shown in TdblEhe negative sign of the
B constant reaction values indicates that the s@rorate process is inversely
proportional to the inhibitor concentration, meanihat the inhibitor becomes
more effective with increasing concentrations. Thigh negative B value
observed at room temperature, when the changecdsh with the inhibitor
concentration becansteep (high negative value for constant B), refléajood
inhibitive properties for EECdS. The k value in@ed with rising temperatures.
At each temperature, a linear variation was obskemeEECdS presence, thus
confirming a first order kinetics [34].

Table 4. Kinetic parameters for AA6063 corrosion in 0.5 MCHusing EECdS as
inhibitor.

Temperature (K) Kinetic parameter
B k R?
293 -0.075| 0.1621 0.980
303 -0.175| 1.101| 0.98p
313 -0.107| 1.250| 0.96p
323 -0.097| 2.376| 0.891
333 -0.088| 9.506| 0.924
343 -0.045| 13.64% 0.899
353 -0.032| 19.588 0.914
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Kinetic parameters of activation energy
The temperature study on the corrosion kinetic ggean an acidic medium (0.5
M HCI), in the adsorbed inhibitor presence, prosideore information about the
adsorption nature, to evaluate the activation mecdhe relationship of Al
corrosion rate o) in an acidic medium with temperature (T) is givew
Arrhenius equation:

In Pcorr = nA - % (2)
wherepcorr IS the corrosion rate, s the apparent activation energy, R is the
molar gas constant (8.314 Fknol?), T is the absolute temperature, and A is the
frequency parameter. The plot ofdeurrvs. 1/T gavestraight line, as shown in
Fig. 11.

INPeor
|

54
0.0028 0.0029 0.0031 0.0032 0.0033 0.0034

1T

Figure 11. Arrhenius plot for AA6063 corrosion in 0.5 M HGInd CdS extracts with
different concentrations, at various temperatuB@8{353 K).

Ea values calculated from the plots in Fig. 11 aevwahin Table 5.

Table 5. Activation parameters of AA6063 acid corrosiontheut and with various
EECdS concentrations, at different temperature3-@83 K), for 24 h.

24 h
Solution Ea AH AS
(kJ/mol) | (kJ/mol) | (I/mol.K)
S0 69.85 -67.32 -26.99
S1 70.59 -67.93 -28.05
S2 71.6 -68.92 -25.98
S3 75.9 -73.23 -14.11
S4 76.26 -73.60 -15.51
S5 79.73 -77.06 -6.20
S6 85.03 -82.37 8.64

The kinetic parameters, the enthalpy of activatidd) and the entropy of
activation AS) for AA6063 corrosion in an acidic medium werdaited by the
transition state equation:

13
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log 2" = [log (5.) + (5305m)| ~ z300mc @3)

where h is the Plank’s constant, N is the AvogradaimberAH is the enthalpy

of activation andAS is the entropy of activation. A plot Mg% versus%
produces a straight line (Fig. 12), with a slopez—g)f)#% and an intercept of

[log(%) +(2_£083R)], from which AH and AS values were calculated and

presented in Table 5.

AS52
<53

log lplm.,!Tl

P54

@55

56

0.0028 0.0029 0.0031 0.0032 0.0033 0.0034

yr

Figure 12. Transition state plots for AA6063 corrosion in WBEHCI, in the presence
and absence of different inhibitor concentrations.

The values show that EECdS addition led to an asmein the apparent
activation energy to a value greater than that i tninhibited solution,
indicating a physical adsorption of the extractootie metal surface. These
results show a decrease in metal dissolution, wisictue to a hindrance of the
specimen surface by the formation of the metal dermlayer [35-37].

The negative sign of enthalpyAKl) reveals that the inhibitor molecules
adsorption is an exothermic process. The shift tdsv@ositive values of entropy
(AS) implies that the activated complex in the raééetmining step represents
dissociation rather than association, meaningdisatrdering increases on going
from the reactant to the activated complex.

From the known thermodynamic relation betweeartel AH (Fig. 13):

«&AH =R 4)
The average difference in-EAH is 2.7 kJ/mol, approximately equal to RT (2.63

kJ/mol), indicating that the corrosion reactionusimolecular, and that the
inhibitor equally acted ondandAH.
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Figure 13. The relationship between,/AH and EECdS concentrations.

Thermodynamic parameters

The most important thermodynamic adsorption pararaeire the free energy of
adsorption AGag9, the heat of adsorptio\Had9 and the entropy of adsorption
(ASad9. The standard free energy of adsorptiad{s9, which characterizes the
adsorption molecules and metal surface interacatomg with other parameters,
was evaluated using this equation:

AGads= RT In (Kag X55.5) (5)

where 55.5 is the water concentration of the souitn mL/L.
The thermodynamic parameterd;lads and ASags, for EECAS adsorption onto the
AA6063 surface, were calculated from the followawuation:

AGads= AHads T ASads (6)

where AHads and ASqgs are the variations of enthalpy and entropy of gutsmn
process. The dependence &Bags on T indicates an appropriate relationship
between thermodynamic parameters. The calculategvare given in Table 6.

Table 6. Thermodynamic parameters of AA6063 acid corrosmithout and with
various EECdS concentrations, at different tempeest (303-353 K), with an
immersion time of 24 h.

Solution () AGags (kJ/mol) AHads ASads
303K | 313K | 323K| 333K 343K 353K (kJ/mol) | (J/ mol.K)
S1 15.39 17.78 2005 16.95 16.95 19.56 20.17 -1.04
S2 13.83 16.01 17.68 16.383 16.43 16.58 17.29 -4.45
S3 13.70 15.79 16.85 14.24 14.20 14.45 16.27 -12.36
S4 12.93 16.57 16.25 15.74 15.97 15.16 15.13 -11.36
S5 12.09 15.90 1535 15.09 1445 13.34 13.52 -16.27
S6 11.35 15.71 15.03 12.85 13.03 12.06 11.74 -22)5

AGagsnegative values ensure the spontaneity ofatisorption process, and the
stability of the adsorbed layer onto the specimeafase. GenerallyAGagsvalues
around -20 kJ/mol, or lower, are consistent wattysisorption, while those
around -40 kJ/mol or higher involve chemisorptibnthe present case of study,

15
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AGagsVvalues were lower than -20 kJ/mol, indicating pbgbkiadsorption of the
molecule onto the AA6063 surface.

Adsorption isotherm

The degree of surface covera@g for various inhibitor concentrations has been
calculated by weight loss technique. The increasaiiface coverage with higher
inhibitor concentrations shows that more inhibitawlecules were adsorbed onto
the AA6063 surface. If molecular adsorption at thetal /solution interface is
the mechanism through which the corrosion inhihitt@curs, several adsorption
isotherms can be tested. The simplest of thesewrknas the Langmuir
adsorption isotherm, was found to be suitable lier éxperimental findings, and
has been used to describe the adsorption chasimeriof this inhibitor.
Langmuir isotherm was tested for its fithess todkperimental data. The plot of
C/ 0 versus C is a straight line graph (shown in F#), Which proves that this
adsorption isotherm was obeyed, for each immergiore, at the studied
concentration range. The correlation coefficiend aslopes, obtained from
Langmuir isotherm plots, are given in Table 6. Tihearity degree of Langmuir
adsorption isotherm, as measured By#&ue in the range of 0.998r2> 0.992,

is nearly equal to one. There is a deviation of slopes from unity, at higher
temperatures, from ideal Langmuir isotherm, buoater temperatures, the slope
iIs almost unity. This indicates that the assumpgtiand the deductions were
correct.

203
W303
A313

C

323
333
b 343
353

0.025 0.280 0.535 0.790 1.045

Concentration (g'L)

Figure 14. EECdS Langmuir adsorption isotherm for AA6063.

A monolayer of the inhibitor species must have badached to the coupon
surface, without lateral interaction between theoabled species. Msvaluesare
shown in Table 7. All the values are low, which gesfs physisorption of
EECdS and AA6063 active constituents.

The experimental data were fitted into the El-Awadkinetic/thermodynamic
model (Fig. 15), given by:

Log (6/1-0) = log Kag+ y log C (7)
where C iISEECdS concentratiorf) is the degree of surface coveragey i the
equilibrium constant of the adsorption process, lang= K. In this model, the

number of “y” active sites has been included. \djues lower than one imply
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multilayer adsorption, while values greater thamr @uggest that the inhibitor
molecules occupied more than one active site.

0.8
0.6

0.4
0.2

log (8/1-8)

0.2
-0.4

0.6 - @
08 -+
-1.65 -1.0979 -0.5458 0.0063

log C

Figure 15. EI-Awady'’s kinetic /thermodynamic model of EECif8 AA6063.

From Table 7, it is seen that values are greatm thne, showing that EECdS
molecules occupy more than one active site.

Table 7. Calculated parameters from Langmuir and El-Awaddsorption isotherms

Langmuir isotherm El-Awady'’s isotherm
Temperature (K)

Slope| R Kad | Slope| 1ly R
29 1.2 10.997 | 1.14¢| 0.57% | 1.74% | 0.98:
30¢ 1.02 ] 0.997| 1.197 | 0.82t | 1.21 | 0.96i
313 1.1 10.997 | 1.13Z | 0.4¢8 | 2.0¢ | 0.95]
328 1.2 10.98:]1.29¢ | 0.65¢ | 1.5 | 0.89¢
33¢ 1.2 10.982 | 1.38¢ | 0.657 | 1.6¢ | 0.90¢
348 1.€ | 0.98€| 1.31% | 0.332 | 3.01 | 0.8
35% 1.6 ]10.99¢ | 1.66% | 0.28« | 3.97 | 0.92

Electrochemical measurements

Potentiodynamic polarization studies

Electrochemical corrosion kinetic parameters, sasltorrosion potential (),
anodic Tafel's slopes and inhibition efficiency weralculated from both Tafel’s
and linear polarization curves, which are preseietlable 8. The experiments
were carried out with three inhibitor concentrasipfor which the maximum
IE% was obtained.

Table 8 Polarization data of AA6063 corrosion inhibition, EECdS presence.

EECdS Tafel polarization analysis Linear polan_zatlon
. analysis
concentration E I =
corr corr (") p 0,
(g/L) W) (mAlcm?) Ba (mV/dec) | IE(%) Q) IE(%)
SO0 -716 1.65 0.479 1.26xX40
S4 (0.275) -767 0.542 0.474 99.7 3.7x10 96.59
S5 (0.542) -789 0.1811 0.431 99.89 1.6x10 98.74
S6 (1.05) -707 0.0218 0.417 99.98 8.%10 99.84
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In Table 8, the lower corrosion current densityfl values, in the inhibitor
presence, and an appreciable increase jiivaRies suggest that EAS was
adsorbed onto the AA6063 surface, thus blockingctbreosion reaction. There
was no significant change in the corrosion poténiidich suggests the mixed
nature of the inhibitor [39]. The obtained dataoatsiggest that the inhibitor
acted as a mixed type inhibitor, because it entdategh cathodic and anodic
processes [40-42]..& values shifted to less negative values with tloegase in
the inhibitor concentration. IE% arfdvalues are in excellent agreement with the
weight loss measurements values.

Electrochemical impedance studies

EIS results at room temperature and Nyquist plbtiifeerent concentrations are
shown in Figs. 16 (a and b), along with correspogddode plots in Figs. 17 (a
and b).

10 35.0

32.5 oo o

30.0

27.5

-Z"/ohm
-Z"/ohm

0 30 60 90 120
10 15 20 25 30 35 40 45 1
Z'/ohm Z'lohm

a) b)
Figure 16. Nyquist plot of AA6063 in the inhibitofa) presence anfb) absence.
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Figure 17. Bode plot of AA6063 in the inhibitdi) presence antb) absence.

Various impedance parameters, such as charge dramesfistance (f3, double

layer capacitance ¢} and the corresponding IE% were calculated froes¢h
plots, and are shown in Table 9. The charge tramefastance (R values have
been calculated from the difference in the impedamat low and high
frequencies. The double layer capacitance valuese vestimated from the
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frequency (f), at which the imaginary componenttioé impedance (47 is
maximum.

Table 9. Electrochemical impedance parameters and theegmonding inhibition
efficiency, in the absence and presence of optinHEEXCdS concentrations, at room
temperature.

Concentration (Rd; (!yli o c%('“z)loﬁ 0

SO 39.2 - 3.23 35.(
S4 (0.275) 111 | 64.68 255 8910
S5 (0.542) 244.4| 83.96 1.03 10}0
S6 (1.05) 264 85.15 1.91 7.0

The IE (%) values from EIS measurements were catiedlfrom R;, using the
relation: _ _
IE(%) =( R{"-Rc R (8)

where R{""and R{ are the charge transfer resistances, in the imhnikbibsence
and presence, respectively.

From the impedance parameters, it can be seenA&063 corrosion was
decreased in the inhibitor presence, as the ch&ayesfer resistance was
significantly increased. The decrease gn\v@lues indicates the EECdS molecule
adsorption onto the metal surface. Decreaseqirt&h result from a decrease in
the local dielectric constant, or from an increasehe electrical double layer
thickness, suggesting that EECdS functions by gtisor at the metal-solution
interface [43-44]. The changes intRnd G values are caused by the gradual
replacement of water molecules by the organic nubdscadsorption onto the
metal surface, decreasing the extent of the digealueaction. The semicircle
obtained from the present system indicates that ititebitor molecules
adsorption is charge transfer controlled [45-46je TE% was found to be 85.15
%, at the highest concentration from.R

Scanning electron microscopy (SEM) analysis

The AA6063 specimens that were used to investi§&@dS corrosion inhibition
effect in the acidic environment were also studigdth SEM. The SEM
photographs for the corroded (without and with liitioir) coupons are seen in
Fig. 18. The surface morphologies reinforce theenemce that the inhibitor
prevents the metal surface decay. It is clearjngbat the metal surface dipped
in 0.5 M HCI without inhibitor had a more pronoudce&epth of pitting,
compared to the one with EECdS.

From the mass loss measurements, it was foundcetB@dS is a good AA6063
corrosion inhibitor in an acidic environment (0.5HCI). At lower temperatures,
the inhibitor has obeyed Langmuir adsorption isothe but, at higher
temperatures, deviation was observed. The expetahdata followed the El-
Awady’s kinetic/thermodynamic model. A strong ambistaneous interaction
between the extract and the AA6063 surface wasated by the activation
energy values and thermodynamic parameters. Tisemece of an adsorbed layer
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of extract onto the specimen’s surface was justifily FTIR and SEM
measurements. FTIR values showed that strong bekseen the metal and the
extract surface were formed, due to CdS constisugntygen and nitrogen). EIS
measurements reconfirm the other observations. $EMographs showed the
formation of a protective layer on the specimerfas#, which inhibits AA606
corrosion.

(a) (b)
Figure 18. (a) microstructure of AA6063 surface corroded in thesgnce of 0.5 M
HCI; (b) microstructure of a coupon immersed in 0.5 M Hial,the inhibitor S6
solution presence (1.206 g/L), with the highest |8%.71%).

Conclusions

From the study it has been concluded that:

1. EECdS acts as a good inhibitor for AA6063 alloydacorrosion. EECdS
inhibition efficiency increases with higher conaaibns at all temperatures,
while decrease in IE is detected with increasimgperatures, depending on
the inhibitor concentration and temperature.

2. EECAS inhibits corrosion up to 90.13% in an acidiedium, with the
highest concentration (1.05 g/L), at room tempeeatu

3. EECdS was found to obey Langmuir adsorption isaothérom the
experimental data fit at room temperature, whileslatvated temperatures,
deviation from ideal Langmuir adsorption isothermaswobserved. The
experimental data were also fitted into the EI-Awad
kinetic/thermodynamic model.

4. The free energy of adsorption value indicates sgtrospontaneous and
physical EECdS adsorption onto the AA6063 surface.

5. The EECdS extract presence increases the activatiergy of the corrosion
process, and adsorption heat gave a negative value.

6. The thermodynamic data for the inhibitor adsorptiamd AA6063 acid
corrosion suggested the physical adsorption oceooereof the inhibitor
species.

7. Entropy’'s AS) shift towards positive values indicated the @ase in
disordering, on moving from the reactant to thevatéd complex.

8. FTIR spectra showed that the organic moleculeseptan the inhibitor were
involved in the inhibition process.

9. The electrochemical measurements reconfirmed thaultse of other
techniques.
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10. SEM photographs further confirmed the formatioragdrotective film onto

the Al alloy surface by the green inhibitor.
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