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ABSTRACT 12
13

The analysis of Mentha rotundifolia L. essentidlbyi Gas ChromatographfGC) and Gas Chromatography-Mass 14
SpectrometryGC/MS) allowed the identification of 25 componenthich accounted for 94.3% of the total oil. 15
Pulegone (69.1%) and menthone (18.5%) were idedtdis main compounds. The inhibitive effect ofébgential 16
oil on the corrosion of mild steel in 1M HCI sohuti has been investigated by weight loss measureasenell as 17
potentiodynamic polarization and electrochemicalp@dance spectroscopy (EIS) techniques. The gravimet 18
results indicate that MR oil exhibits good inhibiti efficiency in 1M HCI solution. The effect of pemature on the 19
corrosion behavior of mild steel was studied in thege of 303—333K. Polarization measurements stidiat the 20
studied inhibitor is mixed type with significanttestion of cathodic and anodic current densitieecEochemical 21
impedance spectroscopy measurements revealedhihahirge transfer resistance increases with inseeim the 22
concentration of essential oil. Various activatiparameters such as activation energy, activatiothalpy and 23
activation entropy are evaluated and discussed.ofud®n thermodynamic parameters are also computed24
Linearity of Langmuir isotherm adsorptions indicétidae monolayer formation of inhibitor on mild dteerface. 25
26

Keywords Mentha rotundifolia Essential oil, Mild steel, Corrosion inhibition, %g
29

INTRODUCTION 30

31

Corrosion is a major destructive process affectimg performance of metallic materials in applicasion many 32
industrial sectors. It is a naturally occurring pbmenon commonly defined as deterioration of metafaces 33
caused by the reaction with the surrounding envitemtal conditions [1]. To prevent or minimize imar corrosion 34
in these systems, the use of inhibitors is ondefiest methods of protecting metals against dompsspecially in =~ 35
acid descaling bathes [2]. 36

In recent years, Natural compounds extracted fréantpsuch as essential oils, have been explorezbassion 38
inhibitors because to their bio-degrability, eciefidliness, low cost and easy availability [3]. Timhibition 39
performance of essential oils is normally ascribethe presence in their composition of complexaaig species 40
including oxygenated monoterpens and sesquiterpenmajor constituents. These organic compoundsllysua4l
contain polar functions with oxygen atoms as weltieose with conjugated double bonds or aromatigsrin their 42
molecular structures, which may act as green comoshibitors for mild steel dissolution due toetichelating 43

action and the formation of a physical blockingrlzaron the metal surface [4]. 44
45
Much work has been conducted to study the inhibitig essential oils on the corrosion of steel iidiaanedia and 46
have been found to be very efficient corrosionbitbrs for mild steel in these acid media [4-11]. 47
48
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Mentha rotundifolia commonly known as “pineapple mint”, is an herlmaeand aromatic plant species belongs ta49

the family Lamiaceaelt is considered to be a hybrid derived from assrbetweeMentha longifoliaandMentha
suaveolen$12], whereas, some authors have considétedotundifoliaas a synonym dfl. suaveolen$l3]. It is
very widely distributed around the Mediterraneasibain America, in occidental, in Asia and in r@ntn Africa. In
Morocco, this plant, which locally known such asmi@irssad, grows wildly in humid region both in tiains than
in the mountains. It was used for their flavoursaoking and in folk medicine for a wide range ofi@ans: tonic,
stimulative, stomachic, carminative, analgesicehtt, antispasmodic, anti-inflammatory, sedatitagpotensive,
antibacterial and insecticidal [14,15].

In the present study, the inhibitive effects of gmments fromMentha rotundifoliaessential oil on corrosion of mild
steels in hydrochloric acid solution were invedigha for the first time. For this purpose, the oflemical

50
51
52
53
54
55
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59

composition has been studied using GC (Gas Chraraby) and GC-MS (Gas Chromatography-Mas$60
Spectrometry). The investigation of corrosion pasters was performed by weight loss, electrochemicabl

polarization measurements and electrochemical isapesl spectroscopy. The effect of temperature veassalidied
and discussed.

MATERIALS AND METHODS

Plant material

The aerial parts dflentha rotundifoliawere harvested in April 2011 (full bloom) in Erhédia located at the south-
east of Morocco. Voucher specimen was depositethénherbarium of Faculty of Sciences and TechnoloQy
Errachidia (Morocco).

Essential oil isolation
The dried vegetal material (100 g) were waterHtaséid (3h) using a Clevenger-type apparatus adegrtb the
method recommended in the European Pharmacopdialfie yield of essential oil was 0.6%.

GC analysis

62
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64
65
66

GC analysis were carried out using a Perkin-Elméngystem XL GC apparatus equipped with dual flame/7

ionization detection (FID) system and fused-sitiegillary columns (60 ¥0.22 mm I.D., film thickness 0.2&m),
Rtx-1 (polydimethylsiloxane) and Rtx-wax (polyetégkglycol). The oven temperature was programmed 60°C
to 230°C at 2°C/min and then held isothermally 80°Z for 35 min. Injector and detector temperatuwes
maintained at 280°C. Samples were injected in gié mode (1/50), using helium as carrier gas (1mm); the

injection volume was 0.2L of pure oil. Retention indices (RI) of compoundsre determined relative to the

retention times of series of n-alkanes-(&,) with linear interpolation, using the Van den Daold Kratz equation
[17] and software from Perkin-Elmer. Component treéaconcentrations were calculated based on G& pezas
without using correction factors.

GC-MS analysis
Samples were also analysed using a Perkin-Elméoolrarass detector (quadrupole), coupled to a P&kirer
Autosystem XL, equipped with fused-silica capillmglumns Rix-1 and Rtx-Wax. Carrier gas: heliumm{/min),
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ion source temperature: 150°C, oven temperaturgranomed from 60°C to 230°C at 2°C/min and then held®0

isothermally at 230°C (35 min), injector temperatuP80°C, energy ionization: 70 eV, electron iotia mass
spectra were acquired over the mass range 35-358plia 1/80, injection volume: 042 of pure oil.

Identification of components

The methodology carried out for identification oflividual components was based on: i) comparisoratifulated
retention indices (RI), on polar and apolar colummish those of authentic compounds or literatua¢ad18]; ii)
computer matching with commercial mass spectratibs [19] and comparison of mass spectra witsehaf our
own library of authentic compounds or literatur¢éadd 8,20].

Preparation of materials

Mild steel coupons containing 0.09 wt.% (P), 0.384v(Si), 0.01 wt.% (Al), 0.05 wt.% (Mn), 0.21 wt.ge), 0.05
wt.% (S) and the remainder iron (Fe) used for weiges measurements. The surface preparation ahiltesteel
coupons (2 cm x 2 cm) was carried out with emenyeps by increasing grades (400, 600 and 1200ige},shen
degreased with AR grade ethanol and dried at rempérature before use. The aggressive solutiodsMfHCI

was prepared by dilution of analytical grade 37%l M&h double distilled water. The concentratiomge of the
MR oil was 0.25-2 g/L. This concentration range whesen upon the maximum solubility of MR oil. Adlagents
used for the study were of analytical grade.
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Electrochemical studies 109
Electrochemical measurements were carried outomaentional three-electrode electrolysis cylindrieyrex glass 110
cell. The working electrode (WE) in the form of disut from steel has a geometric area of £ amd is embedded 111
in polytetrafluoroethylene (PTFE). A saturated oadb electrode (SCE) and a disc platinum electrodeewused 112
respectively as reference and auxiliary electrodespectively. The temperature was thermostaticaihytrolled at 113
303 K. The WE was abraded with silicon carbide pajgeade P1200), degreased with AR grade ethansl anll14

acetone, and rinsed with double-distilled wateobetse. 115
116
Potentiodynamic polarization curves 117

Polarization curves studies were carried out uBi8&G Instruments potentiostat-galvanosta (Model/6at 303 118
K without and with addition of various concentraisoof MR oil (0.25-2 g/L) in 1 M HCI solution atszan rate of 119
0.5 mV/sec. Before recording the cathodic polaigsaturves, the mild steel electrode is polariseeB&0 mv for 120
10 min. For anodic curves, the potential of thetetele is swept from its corrosion potential aiérmin at free 121
corrosion potential, to more positive values. Thst tsolution is deaerated with pure nitrogen. Gasbling is 122

maintained through the experiments. 123
124

In the case of polarization method the relatioredsines the inhibition efficiency (Eo): 125

lcorr — |corr(inh)
E%=—"""""x10( 1) 126
corr

127

where Lo and Loy nny @re the corrosion current density values withaat with the inhibitor, respectively, obtained 128
by extrapolation of cathodic and anodic Tafel liteeshe corrosion potential. 129
130

Electrochemical impedance spectroscopy (EIS) 131

The electrochemical impedance spectroscopy (El$)lsmements were carried out with the electrochdrsicgiem 132
which included a digital potentiostat model Voléds IPGZ 100 computer atds after immersion in solution without 133
bubbling, the circular surface of mild steel expasof 1 ¢ to the solution were used as working electrod¢éerAf 134
the determination of steady-state current at argp@ential, sine wave voltage (10 mV) peak to paakrequencies 135
between 100 kHz and 10 mHz were superimposed onrebe potential. Computer programs automaticallyl36
controlled the measurements performed at rest pakeafter 30 min of exposure. 137

138
The impedance diagrams are given in the Nyquisiessmtation. Values of,;Rnd G, were obtained from Nyquist 139
plots. The charge-transfer resistancg (Rlues are calculated from the difference in idaree at lower and higher 140
frequencies, as suggested by Tsuralef21]. The inhibition efficiency got from the clys-transfer resistance is 141

calculated by the following relation: 142
143
Ert % = Re-R x100 ) 144
R't
145
Where Rand R;are the charge-transfer resistance values withmitrath inhibitor respectively. Rs the diameter 146
of the loop. 147
148
The double layer capacitanceqjCand the frequency at which the imaginary comporanthe impedance is 149
maximal (-Zn) are found determined by Eq. (3): 150
1
Ca= =
R where w = 27. frax 3) 151
Impedance diagrams are obtained for frequency rafgeKHz —10 mHz at the open circuit potential fiaitd steel 152
in 1 M HCl in the presence and absence of MR oil. 153
154
Weight loss measurements 155

Weight loss tests were carried out in a doubleedafjlass cell equipped with a thermostat-coolingdemser. The 156
solution volume was 100 mL with and without thegemece of different concentrations of MR oil rangfrgm 0.25 157
to 2 g/L at various temperatures (303-343 K). Afidr of immersion, the specimens of steel werefoyavashed 158
in double-distilled water, dried and then weigh&te rinse removed loose segments of the film ofdiieoded 159
samples. Triplicate experiments were performedathecase and the mean value of the weight logpisted using 160
an analytical balance (precision + 0.1 mg). Welghs allowed us to calculate the mean corrosion aatexpressed 161
in mg.cm? h'™. 162
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The corrosion rate (W) and inhibition efficiency E (%) were calculated according to the Egs. (4) &Gid 163

respectively: 164
- AS._T @) 165
166

Wcorr - Wcorr(inh) %

corr

E, %= 100 (5) 167

whereAm (mg) is the specimen weight before and after insioa in the tested solution, M and Winn) are the 169
values of corrosion weight losses (mgfdm of mild steel in uninhibited and inhibited stids, respectively, Sis 170

the area of the mild steel specimen frand t is the exposure time (h). 171
172
The degree of surface coverage was calculated:using 173
174

Wcorr - Wcorr(inh)
0= (6) 175

WCOI’I’

176
where® is surface coverage; WnniS corrosion rate for steel in presence of inhihit.. is corrosion rate for 177
steel in the absence of inhibitor. 178
179
RESULTS AND DISCUSSION 180
181
Essential oil composition 182

Analysis of Mentha rotondifolia essential oil (MR)avas carried out by GC and GC-MS using the meéthagies 183
described in the section 2. Twenty-four componamsunting to 96.6% of the total oil composition evédentified 184
by comparison of their electron ionization-masscge(EI-MS) and their retention indices (RI) wittose of our 185
own authentic compound library (Table 1). These poumds including five monoterpene hydrocarbon$¢3, 9), 186
eight oxygenated monoterpenes (10-17), four sesgaihe hydrocarbons (18-21), three oxygenated i#egupnes 187
(22-24) and four linear non-terpenic compound<2(4, 8). 128
1
The chemical composition of the MR oil was strondbminated by oxygenated monoterpenes (9208%e total 190
oil) with pulegonel5 (69.1%) and menthork2 (18.5%) as major components. It should be notetifonoterpene 191
(1.7%) and sesquiterpene hydrocarbons (0.8%)e represented only slightly in this essentidl Gxygenated 192
sesquiterpenes and other oxygenated aliphatic coemt® amounted to 0.7% and 1.1% of total oil, retypaly. 193
194
Various chemotypes dfl. rotundifolia essential oils have been previously reported aitgrto the geographical 195
origins of samples. For instance, chemical comjmost from plant material of various countries oé tivorld 196
showed piperitenone oxide [13,22,23], pipéritonddex[13,24], menthol [15] and piperitol [25] as maj 197
components of essential oils. This chemical valitgtof M. rotundifoliamay be explained by several factors, such198
as plant genotype, geographical condition, seasdragronomic condition, which act on loci terpemespnthesis 199

pathways and contribute to the emergence of diffeseemical profiles [26]. 200
201
202
Potentiodynamic polarization curves 203

Potentiodynamic anodic and cathodic polarizatiaispfor mild steel specimens in 1 M HCI solutiortlie absence 204
and presence of different concentrations of MRabi25°C are shown in Fig. 1. The respective kinpticameters 205
including corrosion current density.4}), corrosion potential (&), cathodic and anodic Tafel slopdk, 3 and 206
inhibition efficiency (IE%) are given in Table 2. 207
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° Relative percentages of components (%) are caledlan GC peak areas on the apatatumn (Rtx-1) except for components with identical

Fig. 1. Anodic and cathodic polarization curves omild steel in solutions of 1 M HCI in the presencand absence of different

Table 1 Chemical composition oMentha rotundifolia essential oil from Morocco

E (mV/SCE)

N? Components RIIP Rla® RIp? %°
1 trans2-Hexenal 824 0.2
2 Isobutyl isobutyrate 900 1087 04
3 o-Pinene 936 930 1021 04
4 1-Octen-3-ol 962 961 1441 04
5 Sabinene 973 964 1118 0.2
6 B-Pinene 978 970 1107 04
7 Myrcene 987 981 1154 0.2
8 3-Methylbutyl isobutyrate 994 1001 1172 0.1
9 Limonene 1025 1021 1195 0.5
10 1,8-Cineol 1024 1021 1206 0.2
11 Linalol 1086 1084 1536 0.2
12 Menthone 1136 1137 1455 18.5
13 Isomenthone 1146 1145 1479 0.7
14 cis-lsopulegone 1148 1151 1660 2.3
15 Pulegone 1215 1221 1633 69.1
16 Piperitone 1226 1229 1714 0.3
17 Piperitenone 1318 1310 1894 1.0
18 a-Copaene 1379 1374 1482 0.2
19 (E)-B-Caryophyllene 1421 1415 1584 0.2
20 Germacrene D 1479 1473 1700 0.3
21 §-Cadinene 1520 1513 1740 0.1
22 Spathulenol 1572 1561 2125 0.3
23 Caryophyllene oxide 1578 1566 1956 0.2
24 1-Cadinol 1633 1623 2145 0.2
Total identified 96.6
Monoterpene Hydrocarbons 1.7
Oxygenated Monoterpenes 92.3
Sesquiterpene Hydrocarbons 0.8
Oxygenated Sesquiterpenes 0.7
Oxygenated and aliphatic components 11

-3004

-400+

-500+

-600-

-700+

-800+

@O0rder of elution are given on apolar column (Rtx-1)

PRI = retention indices on the apolar column (Rtxiterature;

°RI a = retention indices on the apolar column (Rtx-1) ;
4RI p = retention indices on the polar column (Rtx-Wax);

RI a (concentration are given on the polar column).

| (mA/cm?)

concentrations ofMentha rotundifolia essential oil.

Scholar Research Library

—a— 1M HCI
_ e +0.50 g/L (MR oil)
—w=— +1.00 g/L (MR oil)
_ +1.50 g/L (MR oil)
~ % +2.00 g/L (MR oil)
| ) & == [as]
0,01 0,1 1 10 100
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Itis clear from Fig. 1 that the addition of MR bihs an inhibitive effect in the both anodic anthoélic parts of the
polarization curves. This indicates a modificatidnttee mechanism of cathodic hydrogen evolution @il a&s
anodic dissolution of steel, which suggest thathibdr powerfully inhibits the corrosion processmofld steel, and
its ability as corrosion inhibitor is enhanced @@sconcentration is increased. In addition, thalercathodic Tafel
curves in Fig. 1 show that the hydrogen evolutisractivation-controlled and the reduction mechanismot

affected by the presence of this inhibitor.
Table 2 Polarization parameters for the mild steein 1 M HCI containing different concentrations of Mentha rotundifolia essential oil
C (9/L) Econ (MVISCE) lcor (MA/CM?) -Bc (MV) Ba(MV) E%
0 -512.12 2.406 226.6 194.1 -
0.25 -527.8 1.456 174.7 146.4 39.49
0.50 -528 1.183 174.3 146.6 50.84
1.00 -526.91 0.743 175.7 142.2 69.14
1.50 -527 0.578 174 142 7597
2.00 -527.84 0.526 176.1 144.1 78.14

From Table 2, it is clear that increasing conceiumaof the inhibitor resulted in a decrease inragsion current
densities (J,r) and an increase in inhibition efficiency, @), reaching its maximum value, 78.14%, at 2 ghis
behaviour suggests that the inhibitor adsorptiangutive film formed on the carbon steel surfacelseio be more
and more complete and stable. The presence of MRaosed a slight shift of corrosion potential todgathe
negative values compared to that in the absendahilitor. In literature, it has been also reportédt if the
displacement in g, is >85 mV the inhibitor can be seen as a cathadi@nodic type inhibitor and if the
displacement of Ecorr is <85 mV, the inhibitor cae seen as mixed type [27]. In our study, the marim

displacement in &, value was 15 mV for MR oil which indicates thae timhibitors acts as mixed type inhibitor

with predominantly control of cathodic reaction.

EIS measurements
The corrosion of mild steel in 1 M HCI solution the presence of MR oil was investigated by EIS canr
temperature after an exposure period of 30 min.uisgeplots for mild steel obtained at the interficehe absence

and presence of MR oil at different concentratisngiven in Fig. 2.

6C
—— 1IMHCQ

50 —— H0.25gL (VRal
—— 050 gL (MRol
—— +1.00gL (MRl

40, +150 gL (VR oll
——+42.00 glL (MRl

Zim(ohm.cmz)
&

Z Jomen)

Fig. 2. Nyquist plots for mild steel in 1 M HCl inthe presence and absence of different concentratisrf Mentha rotundifolia essential oil

As shown in Fig. 2, in uninhibited and inhibitedM. HCI solutions, the impedance spectra exhibit sigle

capacitive loop, which indicates that the corrosibsteel is mainly controlled by the charge trengfrocess [28]. It
is noted that these capacitive loops in 1 M HCusohs are not perfect semicircles which can bebatied to the
frequency dispersion effect as a result of the hoegs and inhomogeneous of electrode surface f2éhermore,
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the diameter of the capacitive loop in the preseridgehibitor is larger than that in blank solutjaand enlarges with 265
the inhibitor concentration. This indicates thag¢ fimpedance of inhibited substrate increases wighinhibitor 266
concentration, and leads to good inhibitive perfanoe. %gg
The EIS results of these capacitive loops are sitedl by the equivalent circuit shown in Fig. 3 toepelectric 269
models that could verify or rule out mechanistic dels and enable the calculation of numerical value®70
corresponding to the physical and/or chemical priigeeof the electrochemical system under invetiigg30]. In 271
the electrical equivalent circuit R the electrolyte resistance, tRe charge transfer resistance agd<the double 272
layer capacitance. 273

Can

Rs
—L
Ry
| |
| I |
Fig. 3. Equivalent circuit used to fit the EIS dataof mild steel in 1 M HCI without and with different concentrations ofMentha E;é
rotundifolia essential oil 276
277
The electrochemical parameters qf 8 and f,. derived from Nyquist plots and inhibition efficienEg, (%) are 278
calculated and listed in Table 3. 279
280
Table 3 Electrochemical parameters for mild steelni 1 M HCI in the presence and absence of differembncentrations ofMentha 281
rotundifolia essential oil 282
283
C (9/L) Ecor(MV/SCE) R (Q.cNP) f s (Hz) Cu (UF.cnf) Er%
0 -512.12 11.35 238.96 58.71 -
0.25 -527.8 17.84 158.71 56.24  36.38
0.50 528 24.07 132.31 50.00  52.85
1.00 -526.91 37.43 94.75 4490  69.68
1.50 -527 47.32 76.29 4411  76.01
2.00 -527.84 54.48 69.51 42.05 79.17
284
From the impedance data (Table 3), it was cledr tha 285
286
(i) R values in the presence of the MR oil were alwagsag@r than their values in the absence of thebitani 287
molecules. This indicates that, this inhibitor w&ting as adsorption inhibitor; 288
(i) charge transfer resistance,, Ralues were increased in the presence of thevitohiand consequently the 289
inhibition efficiency (26) increases to 79.17% at 2 g/L, which indicatesdaction in the steel corrosion rate; 290

(iii) values of double layer capacitancey,Gre also brought down to the maximum extent & phesence of 291
inhibitor (42.05 pF.crat 2 g/L) and the decrease in the values pfdliows the order similar to that obtained for 292

lcorr iN this study. 293
294
Weight loss measurement 295
The non-electrochemical technique of weight loss wane in order to determine the corrosion ratg,{\and 296
percentage of inhibition (g at various concentrations of MR oil and at défertemperatures (Table 4). 297
298
Table 4 Corrosion Parameters for mild Steel in 1 MHCI in absence and presence of different concentriains of Mentha rotundifolia 299
essential oil obtained from Weight Loss Measuremestat different temperatures %89
C (g/L) 303K 313K 323K 333K 343K
Weor — Bu Weor By ingrenth) B Weor (mglenth) Ew (%) Weor (Mglcnh) Ew (%)
(mg/Cn’fh) (%) (mg/Cn’?h) (%) corr . (%) corr . W corr . W
0 4.178 7.418 11.177 17.369 19.369

0.25 1540 63.14 2925  60.57 4.695 58 7.795 55.12 9.845 49.17

0.5 1.357 6752 2536  65.82 4.328 61.28 7.224 58.41 8.487 56.18

1.00 1.088 73.96 2058  72.26 3.371 69.84 5.645 67.5 7.023 63.74

1.50 1.032 7531 1901 74.38 3.114 72.14 5.192 70.11 6.754 65.13

2.00 0.882 78.88 1.629  78.04 2.691 75.93 4.799 72.37 5.787 70.12
302
303

131
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Effect of MR oil on corrosion rate (\Ab,,) 304
The corrosion rate (W,) obtained of mild steel in the absence and inpifesence of various concentrations of MR 305
oil at different temperatures in 1 M HCI soluticaféer 6 h of immersion are shown in Fi 306

e AR

C(g/L) |

Fig. 4. Variation of W as a function of temperature and concentration oMentha rotundifolia essential oil §§§
The results indicated that the corrosion ratg,(\\bf mild steel decreased continuously with inciegshe inhibitor 310
concentration, ie, the corrosion of steel is regdrdy MR oil, or the inhibition enhances with thehibitor 311
concentration. This behaviour is due to the faat the adsorption coverage of inhibitor on steefase increases 312
with the inhibitor concentration. Also, the cormsirate (W,,) increases with temperature both in uninhibited an 313
inhibited solutions, especially goes up more rapidithe absence of inhibitor. These results confinat MR oil 314

acts as an effective inhibitor in the range of tenagure studied. 315
316
Effect of MR oil on inhibition efficiency (§) 317
The values of g for different MR oil concentrations at 303-3431K1 M HCI solution are presented in Fig. 5. 318
319
80
75
70
g 65
=
W 60 -
55 -
50 -
45 ; . .
0 0,5 15 2

1
C(glL)

Fig. 5. Relationship between inhibition efficiency&.) and temperature and concentration oMentha rotundifolia essential oil in 1 M HCI 3%9
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The results reveal that inhibition efficiency, Encreases sharply with increase in concentratibrinbibitor, 322
indicating that the extent of inhibition is depentien the amount of MR oil (concentration-depenjieflso, we 323
note that the efficiency (ff depends on the temperature and decreases witis¢hef temperature from 303 to 343 324
K, and when the concentration reached to 2 gjLoEMR oil reached a high values of 78.88% in 1 I@Ii4olution 325
at 303 K, which represents excellent inhibitiveligbbf MR oil. The decrease in inhibition efficiep with increase 326
in temperature may be attributed to the increasesbmbtion of inhibitor molecules from metal surfeed the 327
increase in the solubility of the protective filmthe reaction products precipitated on the surfdfdte metal that 328
might otherwise inhibit the reaction. This is ircardance with our previous results [7-9]. 329

330
The variation of inhibition efficiency (E %), deteined by the three methods (weight loss, polagratiurves and 331
EIS methods), as a function of concentration of MRn 1 M HCI show a good agreement with the thmeethods 332

used in this investigation, significantly in higbrzentrations. 333
334
Kinetic/Activation parameters 335

In order to calculate activation parameters ofdbeosion reaction such as activation energy Ectvated entropy 336
AS°a and activation enthalpyH°a for the corrosion of mild steel in acid soluticn absence and presence of 337
different concentrations of MR oil, the Arrheniuguation (7) and its alternative formulation calteahsition state 338

equation (8) were employed [31]. 339
340
Ea

= =< 7 341

W = Aexp( =T ) ()

RT ASa AH a

=" - 8 342

W Nh exp( = Yexp( =T ) (8)
343

where E°a is the apparent activation corrosion@nér is the absolute temperature, R is the unategas constant, 344
A is the Arrhenius pre-exponential factor, h isfank’s constant, N is the Avogrado’s numheg’a is the entropy 345
of activation and\H°a is the enthalpy of activation. 346

347
Plotting the logarithm of the corrosion rate ) versus reciprocal of absolute temperature, thigation energy 348
can be calculated from the slope (-E°a/R). Fih®s the variations of Ln (Wy,) with the presence and absence 0f349

inhibitor with the (1/T). 350
351
4
O Blank
0.25g/L
+0.5¢g/L
3 - mlg/L
A15g/L
= ®2g/L
e
E
Lo
g2
=
c
-
1 .
-1 : . : . : . : : .
2,85 2,9 2,95 3 3,05 3,1 3,15 3,2 3,25 3,3 3,35

108/T (K1)
Fig. 6. Arrhenius plots for mild steel corrosion rdes (W) in 1 M HCI in the absence and presence of different concentranhs of Mentha
rotundifolia essential olil
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The logarithm of the corrosion rate of steel Ln{y/can be represented as straight-lines functiofL@¥T) with 356
the linear regression coefficient JRvas close to 1, indicating that the corrosionstgel in hydrochloric acid 357
without and with inhibitor follows the Arrhenius egtion. The activation energy (E°a) values werewated from 358
the Arrhenius plots (Fig. 6) and the results amshin Table 5. 359

360
Further, using Eq. (8), plots of Ln (W/T) versus 18T gave straight lines (Fig. 7) with a slope ofi°a/R) and 361
an intercept of (Ln(R/Nh) +AS°a/R)) from which the values aH°a andAS°a were calculated and are listed in 362

Table 5. 363
364
-2,0
O Blank
-2,5 1
0.25g/L]
o) +0.5¢g/lL
= 307 e1glL
< 1.59g/L
! Al
R °2 /E
£ : 2
(@)
= -4,0 4 ®
S o)
N—r
—~ 4,5 1
=
5 -5,0 -
5
5,5 *
®
-6,0
-6,5 T T T r . . . r r
2,85 2,9 2,95 3 3,05 3,1 3,15 3,2 3,25 3,3 3,35
1C3/T (K1) §gg
Fig. 7. Transition-state plot for mild steel corro$on rates (W.orr) in 1 M HCIl in absence and presence of differentancentrations of
Mentha rotundifolia essential oil 367

368
The activation energies in the presence of MR @levobserved higher than those in uninhibited soidtion 369
(Table 5). This explains that the energy barriecarfosion reaction increases with the concentmatfoMR oil. Itis 370
clear from equation (7) that corrosion rate isuaficed by E2 Generally, higher E°a value leads to the lower371
corrosion rate. In addition, the value of activatenergy that is around 40-80 KJ.thehn be suggested to obey the 372
physical adsorption (physiosorption) mechanism [B2jysiosorption is often related with this phenoorg where 373

an adsorptive film of electrostatic character isrfed on the mild steel surface. 374
375
Table 5 Activation parameters E°aAS°a,AH°a of the dissolution of mild steel in 1 M HCI inthe absence and presence of different 376
concentrations ofMentha rotundifolia essential oil
378
C E°a AH°a E°a-AH a AS°a

(/L) (KJ.moM) (KJmolY) (KJ.molY) (J. mol-1.KY

0 34.09 31.41 2.68 -128.88

0.25 40.73 38.06 2.67 -115.40

0.50 40.98 38.30 2.68 -115.60

1.00 41.15 38.48 2.67 -116.89

1.50 41.33 38.65 2.68 -116.92

2.00 42.04 39.36 2.68 -115.87
379

The positive value of enthalpy of activatiokH°a) in the absence and presence of various caatiemt of inhibitor 380
reflects the endothermic nature of mild steel diggan process meaning that dissolution of steelifiicult [33]. It 381
is evident from the table that the value A#i°a increased in the presence of the inhibitor tthen uninhibited 382
solution indicating higher protection efficiencyhi$ may be attributed to the presence of energyidodior the 383
reaction; hence the process of adsorption of itdnibeads to rise in enthalpy of the corrosion pssc The negative 384
values of entropies of activation%°a) imply that the activated complex in the ragéedmining step represents an 385
association rather than a dissociation step, mgatliat a decrease in disordering takes place onggbom 386
reactants to the activated complex [34]. 387
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On the other hand, the average difference valubeE aAH’a is 2.68 KJ.mdl, which is approximately equal to 388
the average value of RT (2.69 Kj.riplat the average temperature (323 K) of the dorsiidied. This result agrees 389

that the corrosion process is a unimolecular reads described by the known Eq. (9) of perfect gas
E°a—-AH°a = RT 9)

Adsorption isotherm and Thermodynamic parameters

It is know that the adsorption process of inhibittapends on its electronic characteristics, theraabf metal
surface, temperature, steric effects and the vgrglagrees of surface-site activity. In fact, thdveot HO
molecules could also be adsorbed at the metalisoliiterface. In the aqueous solution, the adsmmpif inhibitor
molecules can be considered as a quasi-substitptimress between the inhibitor in the aqueous plrdgg, and
water molecules at the electrode surfag®(is)[35]:

Org(sol) + XHZQads) < XHz Qsol) + Orgads) (10)

where x is the size ratio, that is, the number afewmolecules re-placed by one organic inhibitor.

This equation showed that the interaction forcavbeh metal and inhibitor must be greater than tieraction
force of metal and water molecule. The corrosiospggtion processes can be understood using adsoiptitherm.

390
391
392
393
394
395
396
397
398
399
400

401

402
403
404
405
406

Langmuir adsorption isotherm is attributing to piBgsption or chemisorption phenomenon while Temkin4Q07

adsorption isotherm gives an explanation abouthéterogeneity formed on the metal surface. Chempiigor is
attributed to Temkin isotherm [36]. Here, Langmurumkin and Temkin adsorption isotherms were a&gbln
order to explain the adsorption process of MR pittee mild steel surface:

Cinh - i
0

Lamgmuir :
g K

+ Cinh (11)

Temkin : Ln(Ce‘”“] =LnK -g6 (12)

Frumkin : Ln[th * (%)J =LnK +g6 (13)

where6 is the surface coverage, K is the adsorption—gisor equilibrium constant, ¢ is the concentration of
inhibitor and g is the adsorbate parameter.

The dependence of the fraction of the surface emv@&robtained by the ratio J£L00 as function of the MR ol
concentration () was graphically fitted for these various adsanptisotherms.

The linear regression parameters betwedna@d C are listed in Table 6, and the straighslioeCH versus C in 1
M HCI at different temperatures are shown in Figltds evident that all linear correlation coeféints () are
almost equal to 1, and the slope values are atsedb 1, which indicates that the adsorption of MIRon steel
surface obeys Langmuir adsorption isotherm. Tlssilteshowed that the adsorbed molecules occupy amdysite
and there are no interactions with other adsorpediss [37].
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C/o (g/L)

3,5
3,0
2,5+
2,0 -
1,5 7 y=1226x+011pb¢ 303 K
R2=0,998
y=1,231x+0,138m 313 K
104 R2=0,998
y=1255x+0,16p4 323 K
R2=0,998
05 - y=1,307x +0,16p® 333 K
' R2=0,999
y=1,351x+0,20p% 343 K
R2=0,997
0,0 T T T T
0 0,5 1 1,5 2
C (g/L)

Fig. 8. Langmuir adsorption isotherm ofMentha rotundifolia essential oil on the mild steel surface in 1 M HGit different temperatures

As shown in Table 6, the adsorptive equilibrium stant (K) decreases with the temperature in 1 M stfliition,

which could be ascribed to that it is easy for liitloir to adsorb on the steel surface at relatil@lyer temperature.
But when the temperature is gone up, the adsorifediior tends to desorb from the steel surfacene®aly, large

value of K is bound up with better inhibition eficicy of a given inhibitor. This is in good agreemmeith the
values of E, obtained from Fig. 5.

Thermodynamic parameters are important to furtimeleustand the adsorption process of inhibitor erl&olution

interface. The equilibrium adsorption constantsKelated to the standard Gibb’s free energy obigdi®n AG®,q9

with the following equation:

The standard adsorption enthalpy\HC.q9 could be calculated on the basis of Van't Hoffigtipn [38]:

where R is the universal gas constant, T is therthdynamic temperature, D is integration constant| the value

LnK

1 _exp{_ AG °adsJ
555

RT

[e]
=_AH ads+D
RT

of 55.5 is the concentration of water in the soltin mol/L (16 g/L).

The standard adsorption enthalpyH(,4) can also be calculated from the Gibbs-Helmhadizagion:

To calculate the enthalpy of adsorptiafHC .49, LnK was plotted against 1/T (Fig. 9) and straigte was obtained

AG

T

oads - AHoads+ k
T

(14)

(19)

(16)

with slope equal to &H°,4dT). The variation oAG°,dT vs 1/ T gives straight line with slope equalMid® 4 (Fig.

10).
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With the obtained both parametersAgs©,4sandAH® .4, the standard adsorption entropyS(,q9 can be calculated
using the following thermodynamic basic Equ. (1&).the standard thermodynamic parameters aredistelable

AH °ads AG®
AS®.. = ads ads

6.
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Fig.

Ln K (L/g)

9. Van't Hoff’s plot of Ln K against 1/T for the adsorption ofMentha rotundifolia essential oil onto mild steel
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Fig. 10. The relationship betweenXG°,./T) and 1/T
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Table 6 Thermodynamic parameters for adsorption oMentha rotundifolia essential oil on mild steel in 1 M HCI solution adifferent
temperatures from Langmuir adsorption isotherm

AGOads AH oads AS oads

Temperature () R | K(U9) | (3705 | (3. mol) | (3.mol K
303 0998] 869 | -2286 36,39

313 0098 752 | 234 36,43

323 0.008] 625| 2349 -11.84 36,06

333 0099  6.06| 2413 36,91

343 0.007] 488 | -24.04 36,14

ENINEN
~~~
INRIN

475

The negative values afG°, suggest (Table 6) that the adsorption of inhibitwlecules onto steel surface is a476
spontaneous phenomenon. It is well known that wabfAG°,4s around —20 KJ.mot or lower are associated with 477

the physiosorption phenomenon where the electiostderaction assemble between the charged maemd the
charged metal, while those around —-40 KJ-hot higher are associated with the chemiosorptibenpmenon
where the sharing or transfer of organic molecalegrge with the metal surface occurs [39]. In thesent study,
the value oAG°,gscomputed and shown in Table 5 supports the physisa of MR oil on mild steel.

Also, the negative values aH°,4s mean that the dissolution process is an exothgpheniomenon. The exothermic
process is attributed to either physical or chemaasorption or mixture of both whereas endotherpriocess
corresponds to chemisorptions [40,41]. In an exotieprocess, physisorption is distinguished frdmerisorption
by considering the absolute value/df°,4, For physisorption process, the value\bl 4 is lower than 40 Kj.mol
while the heat of adsorption for chemisorption psxis approaches to 100 KJ.thdk0]. In our study, the heat of
adsorption is -11.84 KJ.mblpostulates that a physisorption is more favoufBae value of the enthalpy of
adsorption found by the two methods such as Vaaoff Bind Gibbs—Helmholtz relations are in good agreset.

Moreover, the positive value afS%gs(around 36 J.mdlK™) in the presence of inhibitor is an indicatiorimdrease
in solvent entropy. It also interpreted with incseaf disorders due to more water molecules whichlbe desorbed
from the metal surface by one inhibitor moleculéefiefore, it is revealed that decrease in the gntha the

driving force for the adsorption of the inhibitan the surface of the metal [42].

Explanation for inhibition

478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496

The MR essential oil was dominated by pulegonel@9.and menthone (18.5%). These compounds represe#7
87.6% of the total oil and contain oxygen atomduinctional groups (C=0) ang-electrons of the double bonds 498

(C=C), which meets the general characteristicy/pital corrosion inhibitors. Accordingly, the inftibe action of
MR oil could be attributed to the adsorption of sbeoxygenated compounds on the mild steel surfd8g [
However, it is also possible that the minor compsenight be involved in some type of synergisneeffwith

these two compounds.

Generally, in aqueous acidic solution, the organidecules of MR essential oil exist either as redutiolecules or
in the form of protonated organic molecules (caf)jo herefore, two modes of adsorption are consiien the
metal surface in acid media. In the first mode, rikatral molecules may be adsorbed on the surfaosld steel
through the chemisorption mechanism, involving dieplacement of water molecules from the mild steeface
and the sharing electrons between the oxygen admahsron. The inhibitor molecules can also adsarlihe mild

499
500
501
502
503
504
505
506
507
508

steel surface on the basis of donor—acceptor ittiers between theit-electrons and vacant d-orbitals of surface509

iron. In second mode, since it is well known thiaisi difficult for the protonated molecules to apach the
positively charged mild steel surface ;(/metal interface) due to the electrostatic repulsiBince Cl have a
smaller degree of hydration, they could bring excesgative charges in the vicinity of the interfacel favour
more adsorption of the positively charged inhibitwolecules, the protonated inhibitors adsorb thhoelgctrostatic
interactions between the positively charged mokeswand the negatively charged metal surface. Tthase is a

synergism between adsorbed iBhs and protonated inhibitors [44,45].

Mentha rotundifoliaessential oil acts as good inhibitor for the csima of mild steel in 1M HCI solution. The
inhibition action of this essential oil can be iattited to the adsorption of major oxygenated mapetaic
compounds as pulegone and menthone. The resubstentiodynamic measurements revealed clearlyNtiil

is a good cathodic inhibitor for mild steel corasiin acidic solution. The results of EIS measunasiéndicated
that the corrosion of steel is mainly controlledtbg charge transfer process. From loss measurgnigmear that
inhibition efficiency values increased with increas inhibitor concentration but decreased withréase in
temperature. The value of apparent activation gnargreased with the increase in the inhibitor eorcation.
Enthalpy of activation reflects the endothermicunatof the mild steel dissolution process. Entropyctivation

CONCLUSION
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increased with increasing inhibitor concentratibence increase in the disorderliness of the systé@.adsorption
behavior can be described by the Langmuir adsarpsotherm. Gibbs free energy of adsorption, epthaif

adsorption and entropy of adsorption indicated thatadsorption process is spontaneous and exathamd the
molecules adsorbed on the metal surface by theepsoaf physical adsorption.
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