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ABSTRACT

Corrosion inhibition of mild steel in normal hydifdoric acid solution at 303 K by Brachychiton edsnoil (B.O.)

has been studied by potentiodynamic polarizatiod Brectrochemical Impedance Spectroscopy (EIS) umeasents.
The oil essential of Brachychiton (B.O.), was amatyyby chromatography (HPLC/UV) and FTIR spectize Tesults
show that this oil is characterized by palmitoleicid, palmitic acid, stearic acid, oleic acid beirtbe major
constituents. The inhibition efficiency increaseghwthe increase of inhibitor concentration. Potediynamic
polarization studies clearly reveal that the preserof this inhibitor acts like a mixed inhibitorh@ effect of
temperature on the corrosion behavior of mild steelM HCI with and without oil in the temperatur@nge 303-333
K, indicates that inhibition efficiency increaseghatemperature. While SEM analysis the formatibprotective layer
over the steel surface. The adsorption of naturaldpct son the mild steel surface obeys to Langmuaidsorption
isotherm.
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INTRODUCTION

Corrosion is a phenomenon where chemistry helpsxpdain its mechanism. It is simply a destructidnmaterials
resulting from an exposure and the interaction Wit environment. Corrosion can be defined as tive@mentally
induced degradation of a material that involvelentical reaction [1].

Degradation implies deterioration of physical pmties of the material. This can be a weakeninghefraterial due to
a loss of crossectional area, the shattering of a metal due tlvdgen embrittiement, or the cracking of a polymiae

to sunlight exposure [2]. Corrosion of a metal g do chemical or electrochemical reactions whewiites in contact
with matters present in its environment. Howeverfrasion can be controlled by the metal is in contthe

environment which stifles the anodic or cathodect®n or both, and this is achieved by the usatubitors [3]. Each
metal is subjected to its own unique corrosion pssc Mild steel has been extensively used undfaréift conditions
in chemical and allied industries in handling ailk@) acid and salt solution. The corrosion of neetalacid solutions
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can be inhibited by a wide range of substancesctwhiay be synthetic or natural inhibitors. Synthe&®mpounds
containing multiple bonds and hetero atoms arect¥fe inhibitors [4-13], but at the same time thegessing time,
their cost and their toxic nature have compellee tbsearchers to look for eco-friendly, nontoxia daw cost
inhibitors for the corrosion protection of meta@ne of the latest and popular approaches is theiusavironmental
non-toxic inhibitor. In view of this, many alterina eco-friendly corrosion inhibitors have now bekavelopedGinger
[14], henna[15], thym [16],jojoba oil [17], Phaseolus vulgaris L[18], Acacia Treeq19], Xylopia Ferruginea[20],
Bauhinia purpurea leaveg21], Hibiscus cannabinu$22], Black Pepper23]. The extract of this plant have been
successfully used for the prevention of steel @omin HCI, BPO, and HSO,, and it has been found very effective
[2,19,20].

The Brachychiton is a genus of 31 species of teegklarge shrubs, native to Australia for 30 ofthend to New

Guinea for 1 of them. It is sometimes called abattte tree” because of the shape of its trunkss. & genus, according
to the conventional classification, of the Steracdiae family. According to the phylogenetic clasatfon, the genus is
included in the Malvaceae family. The latter isremgnted in the spontaneous state in the Morodoembfy ten genera
[24]. In Morocco, the Brachychiton genus existsyanlthe ornamental state, following its introdoctias an alignment
plant. These trees are rarely shrubs with smocotthebshaped trunk; hence their name of ‘bottlegr¢25].

As a contribution to the current interest on ederfly corrosion inhibitors, the present work is/oied to study the
effect of one of the fruits of trees which in owse the brachychiton, existing in Moroccan parks, work is
essentially devoted to investigate the effect afdBychiton essential oil (B.O.) as corrosion intidni for mild steel in
HCI solution using potentiodynamic polarization s@@ments and electrochemical impedance spectrp&if).
The thermodynamic parameters for activation prazesgere calculated and discussed.

MATERIALSAND METHODS

Preparing sample and essential oil extraction

The ground seeds (5 g) and a volume of n-hexaregl{®esolvent ratio of 1:6.5 mL/g) were added toEalenmeyer
flask (100 mL), connected to a condenser. The flask placed in a thermostated water bath at a fedmed
temperature (45 °C). No mixing was applied. At #rel of a predetermined extraction time, the ligesdract was
separated from the exhausted seeds by vacuumtiditraThe cake wasthen washed twice with n-hexane
(20 mL). The combined filtrates were evaporatea wonstant mass at &0 under vacuum. The sample oil yield was
defined as the amount of the oil extracted from @@ seeds. Each experiment was carried out ifichip.

Analysis Chromatography by HPLC / UV

The identification of the components of vegetahle & usuallydone by various types of chromatogsgut the
analysis of the profiles of triglycerides (TAGs)hsst studied by HPLC. [26] It has been reported th detection at
short wavelength (205 or 210 nm) provided a lirm@swer with a mean sensitivity [27-29] .By agaithgt use of the
refractive index as a mean of detection, canncagy@ied with elution in [28] gradient mode. On thiner hand, the
HPLC / MS coupling method provides linear responsith excellent sensitivity [28,30,31]. M.J. Lern@arciaa and
Coll. developed HPLC / UV method for the predictiminthe botanical origin of the various vegetahils.d32] In this
study, identifying 26 TAGs has been reported usingolonneKintexC18 100A (150 mm x 4.6 mm, 2.6 njicro
Phenomenex brand. The mobile phase consists ofrBp&mtanol and 70% acetonitrile. Note that the tifieation by
HPLC involves comparing the retention time of theals of standard relative to those of the samplie aviolerance of
+ 5%.

In our case the identification of TAGs present ur extract is difficult given the lack of standard$ierefore we have
to compare HPLC profiles obtained by the extractisethod. For this we adopted the protocol descrédmale with a
few modifications in the composition of the mokjillease and the column used.

The separation method was applied to samples atablg oil. The chromatogram of the branchychitibisshown in
Figure 1. 17 peaks in total were identified withil min analysis.

The identification of tags according to the profodescribed below has led us to determine areabohdance of a
common acid between the identified triglyceridebe farea between 3-6 min finds TAGs using a fraatibthe acid
linoleic (LLLn: dilinolein-linolenic acid, LLL: trlinolein acid, OLLn: oleic-linoleic-linolenic acid)LL: oleic-linoleic
acid, LLP: dilinolein-palmitic acid). In the nexbze between 6-8min located in the fraction predamirin TAGs
present and that of oleic acid (OOOQ: triolein a@®P: diolein -palmitic acid). The area between mif, the palmitic
takes fraction below (PPO: dipalmitic-oleic acid®?MR tripalmitic acid). With the presence of TAGsthwan upper
bound fraction of stearic acid (SSL: stearic delein acid) to 9.5min and also that of gadoleida&LL: gadoleic-
dilinolein acid) to 4 min.
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Figure 1: HPL C-UV chromatogram oil Brachychiton
FTIR spectroscopy analysis
The experimental technique used frequently to atariae the vibration of functional groups is th $pectroscopy.
The spectrum was recorded in ATR from pure oil dasp

The FTIR spectrum of the recorded sample at roonpégature is shown in figure 2.
1,40

1,35 b (

1,30 P~
1,25
1,20

1,05

transmittance (%)

H
il
[6;]
]
1710cm/

1,00 P~

1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000

cm-1

Figure 2: FTIR spectra of the samples studied.

In general, we note that the pace of the IR spetshiows similarity with those of vegetable oils{33.

Note that the functions of the bands correspondindhe stretching vibration modes are usually eatian the
corresponding bands to bending vibration modess Bhinainly due to overlap for one and / or monedsa

The spectrum of the studied sample shows that rharels are common regardless of the extraction mobde.
vibrations of the C-H groups can be observed inr¢iggon 3000-2800 cm-1. In effect, two distinct damre visible at
approximately 2923 and 2853¢rwhich respectively correspond to symmetric andrasgtric elongations of the -GH
groups. The absorptions at 2953 trand the shoulder to 2872 ¢mare characteristics for symmetrical and
asymmetrical movements -GHnoieties. The vibrations of deformations of thegeups (CH and CH) appear
respectively in 1461, 1377 and 722tm
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The position of the band relative to the elongatioavement carbonyl groups (C = O) appears greed L.
Symmetrical and asymmetrical deformations of trgrseips appear around 1100 and 1120 chitter literature, band
to 1161 crit is attributed to the C-O vibration associated vaitester moiety [36]. The strong band at about 1fi®
corresponds to the vibration of the free carboxgtid groups.

Materials
The Mild steel was used for this study has theofeihg composition: it containes 0.09 % P; 0.38 %031 % Al; 0.05
% Mn; 0.21 % C; 0.05 % S and the remainder iron.

The specimen was used for electrochemical measmtsnighe exposed surface area was“.die surface preparation
was carried out with emery papers by increasinglegg400, 600 and 1200 grit size), then degreasgdAR grade
ethanol and dried at room temperature before uke.aggressive solutions of 1M HCI was prepared ihytion of
analytical grade 37% HCI with double distilled wate

Electrochemical tests

Electrochemical impedance spectroscopy

The electrochemical measurements were carried sing Wolta lab (Tacussel- Radiometer PGZ 301) paistat and
controlled by Tacussel corrosion analysis softwacelel (Volta master 4) at under static conditiohe TStudies were
done by using conventional three electrode Pyrassgtell with platinum as counter electrode and &€Eeference
electrode. The working electrode was a mild stéetteode. All potentials given in this study werferred to this
reference electrode. The working electrode was irmetkin test solution for 0.5 hours to a estaldigady state open
circuit potential (By). After measuring the Jg, the electrochemical measurements were perfornd.
electrochemical tests have been performed in absatkitions at 303 K. The EIS experiments were aotetl in the
frequency range with high limit of 100 KHz and éifént low limit 10 m Hz at open circuit potentiby applying 10
mV ac voltage peak-to-peak. Thg &d G values were obtained from the Nyquist plots. #lweas calculated as:

n,% =——"x100
= 1)

p
Where, Rp and F?p are the polarization resistance in absence apcesence of inhibitor, respectively.

All the experiments are repeated three times tarerthe reproducibility.

Potentiodynamic polarization

The electrochemical behavior of mild steel samplmhibited and uninhibited solution was studiedrégording anodic
and cathodic potentiodynamic polarization curvesabirements were performed in the 1.0 M HCI saiutimntaining

different concentrations of the tested inhibitor ¢hanging the electrode potential automaticallymfré800 to 0 mV
versus corrosion potential at a scan rate of 1 mWe electrochemical parameters such as corrasiment density
(Icom, corrosion potential (&), anodic and cathodic slopdgs, @ndf;) were obtained from Tafel plots and thevas

determined using the formula as follows:

| -1
Nrate(%) = == x 100 @)

corr

wherelcr andlcony are the corrosion current densities for steeltedée in the uninhibited and inhibited solutions,
respectively.

Surface analysis

The test coupons of the size 1cm x 1cm x 0.1cmew&posed in 1 M HCI solutions in absence andemess of 1.2
g/L of the (B.O.) for 6 hours at 298 K and then ket with distilled water. After elapsed time milgted specimens
were taken out and cleaned with double distilledewadried with cold air blower and finally the scéng electron
microscopy micrographs were recorded using SEM in@ienta 200 FEI Scanning instrument at an acdalgra
voltage of 20kV at 2000xmagnification.

RESULTSAND DISCUSSION
Potentiodynamic Polarization Curves
Effect of concentration

The potentiodynamic polarization data are showhRigure 3 as the tafel plots for mild steel in 1M IHBIlution with
the addition of various concentrations of the addibf Brachychiton oil (B.O)The corrosion kinetic parameters such
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as Eom lcom @anodic and cathodicTafel slopes were derived filoese curves and are given in Tablel. The valti@s o
% were calculated using the eq (2).
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Figure 3: Potentiodynamic polarization curves of mild steel in 1M HCI in the presence of different concentrationsof (B.O.) at 303 K.

Table 1: Electrochemical parameters of mild steel in 1M HCI solution without and with (B.O.) at different concentrations.

Medium Conc -Ecorr

lcorr “Pc ﬁa NTafel 0
(g/L) (mV/SCE) (nA/cm?) (mV/dec) (mV/dec) (%)
HCI — 441 579 138.0 135.0 — —
1.2 478 47 88.3 97.9 91.0 0.910
(B.0.) 1.0 465 59 102.1 71.5 89.8 0.898
o 0.8 456 70 71.7 85.3 87.9 0.879
0.6 454 83 77.4 78.2 85.6 0.856

We remark that the cathodic current-potential csirgeve rise to parallel Tafel lines, which indicdktat hydrogen
evolution reaction is activation controlled andttiiee addition of the (B.O.) does not modify thecimnism of this
process (Figure 3) [37]. Asitis shown in TableB.d.) inhibit the corrosion process and the inldlitefficiency values
(%n) increases with the concentration of inhibitoraal@ing its maximum value to attain 91% at 1.2 J’hese data
show that the increase in inhibitor concentratieads to decrease in the corrosion current deribity. addition of
Brachychiton essential oil (B.Ogauses a shift in the values of,Eslightly toward anodic value (more negative)
compared to the blank but no definite shift inHs detected. The magnitude of change in thg ¥alues (less than 85
mV) indicate that (B.O.) acts as mixed type inlab{t38] with predominantly cathodic effect, i.eatlodic evolution of

hydrogen gas is more favored than the anodic ditsal of steel. Botlg, andp. were affected; this was indicative of
the mixed-mode inhibitive nature of the inhibitor.

Effect of temperature

The effect of temperature on the inhibition perfamoe of (B.O.) for mild steel in 1M HCI solution ihe absence and
presence of 1.2 g/L concentration at temperaturging from 303 to 333 K was obtained by potenticayit
polarization measurements. The results are givehalnle 2. The inhibition efficiencies are found decrease with
increasing the solution temperature from 303 K38 K. This behavior can be interpreted on the bisisthe increase
in temperature results in desorption of the inbibiholecules from the surface of mild steel. Tablshows that the
corrosion rate increased with increasing tempeeahath in uninhibited and inhibited solutions. T¢®rrosion rate
increases more rapidly with temperature in the atsef the inhibitor.

Table 2: Effect of temperature on the corrosion rate of mild steel at 1.2 g/L of (B.O.) at different temperatures.

Temperature leorr MTafel

(K) (uA/enT) (%)
Blank (B.O.)

303 579 47 91

313 692 100 85

323 1644 250 84

333 2102 378 82
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A plot of the logarithm of the corrosion rate (u&®) of carbon steel obtained from potentiodynamicapahtion vs.

1000/T gave a straight line as shown in Fig.4. @pparent activation energy jJjBvas calculated by using following
Arrhenius equation:

corr

)=LnA- =

Ll RT ®3)

where Eis the apparent activation corrosion energy, Thésdbsolute temperature, A is the Arrhenius presegptial
constant and R is the universal gas constant.

= Blank

3.0 3.1 3.2 3.3
1000/T (K%)

Figure4: Arrheniusplotsof steel in acid with and without 1.2 g/l (B.O.) in 1M HCI.
An alternative formulation of Arrhenius equatior{39]:

RT AS AH
| =—exp| —= |ex 2 4)(
Nh R RT

whereh is Planck’s constant\l is Avagadro’s number,AH_is the entropy of activation andS, is the enthalpy of
activation. Figure 5 shows a plot of LRo(fT) vs. 1/T.

The values of £ AH_ and AS, were estimated from the slopes of the straighslined given in Table 3.

The value of E found for (B.O.) is higher than that obtained fdvl HCI solution. The increase in the apparent
activation energy may be interpreted as physicabgution [40,41].

AH AS
Straight lines are obtained with a slop&e§ and an intercept of Ln R/Nh#;a from which the values oS, and

AH_ are calculated and are given in Table 3.
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Figure5: Transition Arrheniusplotsof Ln (Icor/T) vs. UT for steel in 1M HCI in the absence and the presence of (B.O.) at optimum
concentration.

Table 3: Activation parametersfor the steel dissolution in 1M HCI in the absence and the presence of (B.O.) at optimum concentration.

Medium Linear regression Ea
coefficient (r) (kd/mol) AH, As,
(kJ mol*) (J K'mol®)
Blank 0.99742 39.6 36.9 -69.3
(B.0.) 0.99663 60.3 57.6 -169.6

The positive sign ofAH_ reflect the endothermic nature of the steel digamiuprocess suggesting that the dissolution

of steel is slow in the presence of inhibitor [4#]ereas large negative values of entrop@smply that the activated
complex in the rate determining step represengssanciation rather than a dissociation step, mgahat a decrease in
disordering takes place on going from reactanthé¢oactivated complex [42]. From the previous des&,can say that
(B.0O.) essential oil can be used as an effectikiditor.

Adsorption isotherm
Basic information on the interaction between thieibitor and mild steel surface are investigatedthiy adsorption

isotherms. For this purpose, the values of surfaserage §) at different concentrations of (B.O.) in acid rizedt 303
K have been used to explain the best isotherm terméne the adsorption process. The value of tifasel coverage

(6) was calculated using the relationship [43]:

= nTafeI (%) (5)

100
Attempts were made to fit the€evalues to various isotherm including Langmuir, k@m Frumkin, Freundlich, etc.
The best fit was obtained with Langmuir isothernsaggested by the plot between8Gind C (as shown in figure 6)
and the linear correlation coefficient of the fittdata was close to 1, indicating that the adsmmptif the inhibitor
molecules obey the Langmuir’s adsorption isothesr@ressed as:

0

0
ﬁ = CKads (6)

Where C is the inhibitor concentration angyds the equilibrium constant for adsorption/desiorptprocess of the
inhibitor molecules on the metal surface,qJvalues were calculated from the intercept of thet for adsorption

process.The adsorption equilibrium constantyKis related to the standard free energysgds) by the following

equation:
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AG,, =RTLn(C, K,) (7)

where the G,0 = 1000 g/L in the solution.

For the determination of absorption nature, itiffialit to distinguish between chemisorption andypisorption only
based on these criteria, especially when chargedepare adsorbed. The possibility of Coulombramigons between
adsorbed cations and specifically adsorbed aniansnczrease the Gibbs energy even if no chemiaad lappears [44].

However, the calculation of th&G__ value of (B.O.) is not possible because the mddgcmass of the extract

components is not known. This limitation is notgddmme authors in the case of the essential odd as corrosion
inhibitors for steel in acidic media [45,46].
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Figure 6: Langmuir adsor ption isotherm for mild steel in 1M HCI solution of B.O. at different concentrations.

Electrochemical impedance spectroscopy

EIS technique was applied to investigate the edeettelectrolyte interface and corrosion processasdccur on mild
steel surface in presence and absence of (B.O.grBoire complete characterization of the interfacg surface
processes, EIS measurements was made at OCP gedrefiuency range at 303 K. Figure 7 shows Nyqigats for
mild steel electrode immersed in 1M HCI solutior388 K in absence and presence of various condemtsaof the
essential oil. It is clear from the figure 7 thia¢ tdiameter of the semicircle increases with tloeeimse in concentration
of the (B.0O.) inhibitor, indicating an increaseciorrosion resistance of the metal.

200 —=— Blank
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160+ 1.2 glL
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Figure 7: Nyquist plotsfor mild steel in 1M HCI containing different concentrationsof (B.O.).
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The value of electrochemical double layer capacid(ty) was calculated at the frequen€y,using the following
equation [4]:

-1 @®)
anmaxR .

dl

with Cyq Double layer capacitance (uF énf__: maximum Frequency (Hz) ang:RPolarization resistanc&(cnt).

max *

The impedance data listed in the table 4 indidadé the values of both,Rindn,% are found to increase with increase
in concentration of the extract, while the valuésCg are found to decrease. This behavior can be atitibto a
decrease in dielectric constant and/or an incrgasigickness of the electric double layer, suggesthat the essential
oil molecules act by adsorption mechanism at nidel&acid interface [47].

Table4: AC impedance data of mild steel in 1M HCI acid solution containing different concentrationsof (B.O.) at 303 K.

Medium Conc Rp Ca fmax Nz
(g/L) (Q cnf) (uF/cnf) (Hz) (%)

HCI — 20 200 40.0 —
1.2 262 48.6 12.5 92.3

B.O. 1.0 155 51.3 20.0 87.0
0.8 88 57.2 31.6 77.0
0.6 50 79.6 40.0 60.0

A low capacitance may result if water moleculeghat electrode interface are largely replaced byawiginhibitor
molecules through adsorption [48]. The larger iithibmolecules also reduce the capacitance thrdhghncrease in

the double layer thickness [49]. The inhibitingeetiveness increases with the concentration ofrthibitor to reach a
maximum value from 92.3% for (B.O.).

Surface analysis by SEM

The surface morphology of mild steel was studiedsbgnning electron microscopy, the figure 8 showsS&M

photograph recorded for mild steel samples Polighgdnd exposed for 6 h in 1M HCI solution with@BtO.) (b) and
with 1.2g/L ofBrachychiton Oilat 303 K .

It can be seen from Fig. 8a that the mild steelpdarbefore immersion seems smooth and shows soma&liad

scratches on the surface. Inspection of Fig. 8baksthat the mild steel surface after immersionnimhibited 1M HCI

shows an aggressive attack of the corroding medinrnthe steel surface. The morphology in Fig. 8ongha rough
surface, that corrosion does not occur in pres@fdahibitor and hence corrosion was inhibited sgly when the
inhibitor was present in the hydrochloric, and sheface layer is very rough. In contrast, in thespnce of 1.2 g/L

Brachychiton Oil the steel surface was corroded only negligibiiclw further confirm the inhibition action. In
addition, there is an adsorbed film on mild stesface (Fig. 8c).

Figure 8: SEM micrographsof mild steel surface: (a) before of immersion in 1M HCI, (b) after 6h of immersion in 1M HCI and (c) after 6 h
of immersionin 1M HCI + 1.2g/L of (B.O.) at 303 K.

CONCLUSION

From the overall studies the following conclusicosild be deduced:
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Brachychiton Oilexamined acted as an efficient corrosion inhiitatM HCI. Polarization studies showed that oilswa
a mixed inhibitor and its inhibition efficiency irased with the inhibitor concentration but decesasith the increase
of temperature. Impedance method indicates thatdsibrbs on the mild steel surface with increasiagsfer resistance
and decreasing of the double-layer capacitance a@iberption of (B.O.) on the mild steel surfacéofwk the Langmuir
adsorption isotherm. The inhibitor efficiency detéred by electrochemical methods and methods gothmtamic
curves are in good agreement.
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