Available free online avww.medjchem.com

MiJIC

. ‘\‘7’4—\‘_; N
Mediterranean Journal of Cheistry Mediterranean Journal of Chemist®02Q 10(J), 62-76

Experimental and theoretical study on corrosion inhibitionof new
synthesized menthone derivatives (Menthopyrazole compounds)
for mild steel in 1 M HCI solution

Abdeslam Ansari®*, Mounir Manssouri 2, Amal Laghchimi 2, Mohamed Znini 2, Zouhair Lakbaibi 3
and Mohamed Azrour *

I Université My Ismail Laboratoire de&Chimie Physique des Matériaux, Faculté des SciencBsctiniques,
Po Box509, Errachidia, Morocco

2Université My Ismail Laboratoire des Substances Naturelles & Synthése et Dynamigue Moléculaire, Faculté
des Sciences et TechniquBEs, Box509, 52003Errachidia, Morocco.

3Université My Ismail Département de Chimie, Faculté des Sciences et TechnRu&ax509, 52003,
Errachidia, Morocco.

Abstract: The aim of the present work is to evaluate the protective almfityewly menthone derivatives
7-isopropyt4-methyt4,5,6, #tetrahydrelH-indazole (HMP) and 7-isopropyt4-methytl-phenyt4,5,6,7
tetrahydrelH-indazole(PMP) as mild steel corrosion inhibitors iiM HCI, which may get applications asocec
friendly corrosion inhibitorsn acidizing processes in the industffe corrosion attitude of mild steel at various
concentrations of the inhibitors was examined in the range from 298 to 328 K. An increase in the inhibitory
effectiveness in acidic sdion at higher concentration and temperature follow the existence of inhibitors. The
aspect of adsorptiomixedtype of inhibitors was highlighted by the Polarization curves. The adsorptldkliBf
andPMP is in line with the Langmuir isotherm model. Theoretical indices study of both inhibkdi® (and

PMP) via CDFT (the conceptual density functional theory) has been studied. To search for the best spatial
configuration of steel/inhibitor Blonte Carlo siralation studies were applied.

Keywords: Menthone derivativesMild steel, Corrosion inhibition, AdsorptiorDensity functional theory
(CDFT).

1. Introduction in recent times are towards developing cheap; non
toxic and environmentally safe corrosion inhibitors
low-cost”°. In this perspective, previous studies in
our laboratory reported that monoterpenk&tones
derived from pmenthane have a wide spectrum of
anticorrosive activities®'!, carvone derivatives and
dihydrocarvone derivative$>'® possess corrosien
inhibiting properties. In continuation of our work on
the development of -menthane derivatives as
hydrochloric acid inhibitors of steel, we have studied,
more recently, the acid inhibiting steel corrosion
behavior of menthoné’. The encouraging results
Sobtained by this ketone asid inhibitor hasnvited us

Industries and machinery aveidely based on mild
steel. However, acids such as sulfuric and
hydrochloric acids used in the pickling process of
metals cause its deterioratibh Thus, serious efforts
are being made to stop or delay to the maximum the
attack of this metal in various corrosive media.
Generally, theorganic compounds typically contain
oxygen or nitrogen heteroatoms in a conjugated
system are known be applicable asorrosion
inhibitors for steel imcidic media’. Therefore, it is
possible to suggest that the presence of heteroatom

facilitates the adsorption of their molecules onto the to investigate forsuch apfication two synthesized

surface, therebyeducing the corrosion rate in acidic menthone derivatives, namelyiSopropyF4-methyt

solutions. The inhibition properties inthe acidic 456 ?tetrahydrelH-ir;dazoIe HMP) and

mediumof these compounds can be attributed to the 71is,op,)rop H4-methyH1-phenyt4,5,6, Ztetrahydre

number of mobile electrongutaddye fibitgihtame bolries dha O Pt 2
character of free electrons and the electron density experimental ondition. Their chemical structure

far_ou_nd nitrogen and oxygen atorfis Due to t_h_e_ appearsn Table 1 The kinetics of corrosion, together

inimical effect of some chemicals, research activities with the adsorption processasexplained by varying
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temperature and concentration of each inhibitor and papercomputational parameters were discussed. This
then the thermodynamic parameters were evaluatedwas done by usingheoretical indices defined in

and discussedlately, density functional theory CDFT (the conceptual density functional theory) with
(DFT) ** has become very useful in determining the the correlatiorexchange functional (B3LYP) on

mol ecule’s properties. Ttieibasis @eGt (@ t levhl set in the gasophaseo i n t
practice to calculate quantum chemical corrosion. The Finally, Monte Carlostudies (MC)were engaged to

study is about to evaluate the protective effect ability show the best configurational space othe

of PMP and HMP as corrosion inhibitors. In this  iron/menthonederivative system

Table 1 Structures of the two menthone derivatives investigated as corinkibitors in hydrochloric acid

Code Name Structure
HMP 7-isopropyt4-methyt4,5,6, #tetrahydre

1H-indazole N
PMP 7-isopropyt4-methyl1-phenyt4,5,6, #tetrahydre

1H-indazole

N\
| N
2. Experimental wp —°f C'COOr ”r m h pTT ©)

2.1. Synthesisand characterizationof inhibitor s

The preparation of7-isopropyt4-methyt4,5,6,7
tetrahydrelH-indazole HMP) and ‘7isopropyt4-
methyt1-phenyt4,5,6, #tetrahydrelH-indazole

(PMP) was done according to the operating procedure

Wherelcorr andlcorr (inh) are the corrosion current
density values with and without the inhibitor,
respectively, obtained by extrapolatiaf cathodic
and anodic Tafel lines to the corrosion potential.

describedn our previouswork 8, Electrochemical impedance spectroscopy
measurements were achieved at the open circuit
2.2. Weight loss measurements potential for the frequency range of 100 KHz to

The material used in this work is C38 carbon steel. 10 mHz, using a pealo-peak voltage excitatn of
The surface of steel coupons chosen is (2 cmx2 cm) 10 mV. The inhibition efficiency got from the charge
and the corrosive medium is 1 mollLHCI, obtained transfer resistance is calculated by the following
from the commercial solution of HCI (37%) with relation:
distilled water. For weight loss Measurements 0'YB
weighing of the Mildsteel coupons was done
beforehand and postimmersion in the 10 ml corrosive Where Ra n d . arR the charg&ransfer resistance
solution for 6 hrs. The speed of corrosion values without and with inhibitor respectively; iR
W (mg cm? hrd), efficiency Ew (%) were calculated the diameter of the loop.

according to thé&gs.(1) and @) respectively'®:

— PTT 4)

2.4. Quantum chemical calculation

7 St @) The optimized geometry of theMP andPMP was

% 9% -—Sorrconmh oo @) performed utilizing DFTmethod?°* using program
corr Gaussian 09 2 in the scheme of B3LYP hybrid

Where Am (mg) i s the s pefunitiomal with ¢he @30G (d,b) baki® seteThen, n d

after immersion in the tested solutiokycor and the local electrophilic, B and nucleophilic,  Parr

Woeorrnhy @re the values of corrosion weight losses functions? are obtained from the analysis of the
(mg/cnt.h) of mild steel in uninhibited and inhibited  Mulliken atomic spin density7 (ASD) at the radical
solutions, respectively, S is the area of the mild steel anion andhe radical cation by adding and removing

specimen (ci) and t is the exposure time (h). an electron to the studied inhibitor, respectively.

Quantum parametersuchas he di pol ar momen
2.3. Electrochemical studies EHOMO, ELUMO, energy gap (A
The dectrochemical measurements were carried out potential (I), electronic affinity &) , hardness (
by meas of a conventional threelectrode electronegativity (x), el ect

electrolysis cylindrical Pyrex glass cell. The working (S) have been computed’. For Monte Carlo
electrode from C28 steel has a geometric area of simulatiors (MC) and RDF simulation$?%, the iron
1 cn¥; a saturated Ag/AgCI electrode and a disc surface (110) is buiin Biovia Materials studio 8.8
platinum electrode were useds against (CE) as follows: slab thickness of 15 A, a supdrasl
electodes The inhibition efficiency ElI %) was (10*10) and a vacuum of 26along the ox, oy andz
defined byequation(3):
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axis in a simulation box Fe(110) (24.82x24.82x40 A)
with periodic boundary conditions to model a
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integrating in Biovia Materials studio version 8.0. The
adsorption behavior was evaluated throughdial

representative part of the interface devoid of any Distribution Function (RDF) analysis usingthe

arbitrary boundary effect$3,19 The build surface of
Fe (@10) is optimized using molecular mechanics.
Moreover, the complete MC simulation goals to study
alignment and adsorption behavior in tow
environments: firdy, in vacuum (one molecule of
PMP or HMP and Fe(110) surface) and secondly, in
solution (one molecule ofPMP or HMP, 500
molecules of water and Fe(@1l surface) using
COMPASS (Condensegbhase Optimized Molecular
Potentials for Atomistic Simulation Studiesforce
field 2 by means the adsorptiolocator module

Forcite calculation cod®.

3. Reallts and Discussion

3.1. Potentiodynamicpolarization curves
Potentiodynamic polarization of mild steel specimens
in the studded electrolyte without and with corrosion
inhibitors at 308 K are shown iRig.1 and 2. The
respective kinetic parameters suchl@g (corrosion
current density), Ecor (corrosion potential), b
(cathodic slopes) anéE % (inhibition efficiency) are
listed inTable2.
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Figure 1. Anodic and cathodic polarization curves of mild steel in solutions of 1 M HCI without and with
different concentrations :d{MP
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Figure.2 Anodic and cathodic polarization curves of mild steel in solutions of 1 M HCI without and with
different concentrations G{MP
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Table 2. Electrochemical parameters of steel at different concentratidds18f andPMP studied in 1 M HCI at
308 K

Inhibitor C(gL? -Ecorr (MV) lcorr (MA cNT2) -Bc (MV dec?) E (%)
Blank 450 0420 105 - - - -

0.125 475 0236 166 44.8

HMP 0.25 412 0.111 120 73.6

0.5 467 0.068 153 83.9

1 448 0.046 132 89.0

0.125 484 0.179 163 43.0

PMP 0.25 485 0.170 165 60.0

0.5 487 0.062 141 85.2

1 473 0.014 156 96.6

Examination of theFiguresl and 2 shows a solution was induced. The maximum displacement in
modification of the mechanism of cathodic hydrogen Ecor value was 34 mV foPMP and 25 mV foHMP
reduction as well as anodic dissolution, which which suggests that the inhibitors performing as a
suggests that the addition of inhibitors reduce the mixed type of inhibitor with main control of cathodic

corrosion process, at the same times dafainle 2 reaction®>2,

proved that the corrosion with current deiesi (corr)

decreases remarkably by increaskiglP and PMP 3.2. Electrochemical impedance spectroscopy
concentraionConsequently, the iBEShi bition efficiency

(IE %) increases reaching its maximum val88snd The corrosion process of mild in hydrochloric acid
96.6% atl g/L for theHMP andPMP respectively. with inhibitors HMP and PMP was investigated by
This increase marked in the case BMP is (ElS) at 308 K aftean exposure period of 30 min.

presumably becausiee benzene ring which gives him
more electron density so more able to be adsorbed on
the surface of the ste@l By the addition of inhibitors,

Nyquist plots of steel in 1M HCI containinMP and
PMP at various concentrations are giveririgs.3 and

a modest shift of corrosion potential toward the 4
negative values compared to those ia timinhibited
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Figure 3. Nyquist plots for mild steel in 1 M HCI without and with different concentratiorid\P
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Figure 4. Nyquistplots for mild steel in 1 M HCI without and with different concentrationB P
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Figure 5. Equivalent circuit used to fit the electrochemical impedance spectrofEtR)ydata

As we noted, the impedance spectran$.3 and 4) Cal is due tathe adsorption of HCL solution inhibitors
dispose of a unique capacitive loop. This unique to the steel surface. The distinction betweidhP and
capacitive loop indicating that thenly process PMP inhibitory effectiveness could be explained by
occurring is charge transfé#®. Furthermore, these  the nature of the inhibitor structure. Hen&\IP's
capacitive loops are not the perfect semicircles due to efficacy is due to the -phenyl group's electron

a frequency dispersion effeét From theresulting delocalzation. The EIS) results of these capacitive
data on impedancé éble3) PMP found to be the best  loops are simulated by the equivalent circuit shown in
inhibitor. Indeed, an increase in the valueRfin Fig.5. In the equivalent circuit, R]s the electrolyte

acidic solution and higher efficiencies in inhibition resistance, Rhe charge transfer resistance andi<
follow the existence of inhibitors. The decrease in the the double layer capacitante

Table 3. Characteristic parameters evaluated from the impedance diagram for steel in 1 M HCI at various
concentrations dfiIMP andPMP

Inhibitor C (g.L'Y R( Q.%cm fmax(HZ) Ca (UF.cm?) Er: (%)
Blank 40.42 83.11 70.08

0.125 88.44 63.291 60.04 54.30

0.25 167.6 15.823 40.61 75.80

HMP 05 247.8 15.823 28.43 83.36

1 388.3 15.823 25.92 89.60

0.125 93.01 35.714 47.9 56.54

PMP 0.25 191.3 22.321 37.29 79.00

0.5 370.7 14.056 30.56 89.09

1 841.4 14.045 13.47 95.19
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3.3. Weight loss measurement
The corrosion ratéWorr) and the values of inhibition
e f fi c i B)obtaipeddy the Weighloss methodn

the absence and

A. Ansariet al.

in the presence of various

concentrations of each
temperatures [29828 K] in 1 M HCI solution after
6 h of immersion are summarizedTinble4.

inhibitor

67

at different

Table 4. Influence ofHMP andPMP concentrations on the steel corrosion in 1 M HCI at teatpees 298, 308,

318 and 328 K.
Inhibitor

Concentration

gL? mM

Blank = ----

0.125 0,70

HMP 0.25 1,40
0.5 2,81

1 5,62

0.125 0,49

PMP 0.25 0,98
0.5 1,97

1 3,94

298 K
WCO”

(mgcm-2

h?)
1.032
0.227

0.175
0.134
0.083
0.126
0.072
0.052
0.041

It can be seen ifable 4thatthe speed oforrosion
decreases graduallywith
concentratiorof PMP andHMP compounds leading
to an increasdn percentage inhibitiorefficiency
(E%). The values of percentage inhibitidifi@encies
calculated fronthe Weightloss methal attainment,
limit value (96%,98%) when the concentration of
inhibitors is 1g/L. This increase can b#ributedto
the strongadsorption of inhibitors resulting in the
formation of a protective layer on the steel surface.

the

increase

in the

Also, we note that the efficiencit() depends on the

temperature and increases with the rise of temperature

from 298 to 328 K, and when theoncentration
reached to 1 g/lEy of HMP and PMP respectively,
reacheda high value of 96 and 98 % in corrosive
media at 328The inhibition is estimated, at some
temperature, to be 84 % for HMP, and 95% for PMP
even & very low concentration (0.12%/L) the
protection is higher than 90% f&étMP, and 96% for
PMP, which indicates that botHMP and PMP are
verygood inhibitors for steel in 1 M HCI. The increas

in inhibition efficiency with an increase in - : )
temperature may be attributed to the increased (‘E‘a/ R) of the corrosion rate logarithm versus
the absolute reciprocal temperatufeg(6) and their

adsorpion of inhibitor molecules from themetal
surface and the inhibitory effect of each inhibitisr
reinforced at elevated temparet. An increase in

inhi biti
concentrat n

on
and

efficiency
ncreased

308 K
EW WCO” EW
(%) (mgem? (%)
h?)

- 1.803
78 0.288 84
83 0.198 89
87 0.144 92
92 0.108 94
88 0.144 92
93 0.126 93
95 0.054 97
96 0.045 97.5

318 K
WCO” EW
(mgcm?2 | (%)
hh)
3483 -
0.418 88
0.348 90
0.244 93
0.174 95
0.244 93
0.174 95
0.104 97
0.070 98

328 K
WCOI'I' EW
(mgcm? (%)
hh)
5.883 ---
0.647 84
0.471 92
0.353 94
0.235 96
0.294 95
0.235 96
0.176 97
0.118 98

increase in teperature is suggestive thfe chemical
adsorption mechanisff.

3.4. Kinetic and Activation parameters

The influence of temperature on the corrosion rate and

behavior ofHMP and PMP on the given mediaas

been realized and the obtained data from are used
subsequentlyte st i mat e

ent hal

Py

equations and6 ©.

J
x AQJD—8

x SAgR 8&@95/—;

whereE°ais the apparent activation corrosion energy,

AH®° a of

ener gand E° a

activation

®)
(6)

T is the absolute temperatuiR,is the universal gas
constantA is the Arrhenius prexponential factor, h
constant.
S Asathe entropy of activation anghH Ais the

enthalpy of activation.

i s he

The activation energies are deduced from the slope

Pl ank’

S

values are displayed asble 5. Use Eq.2 further,
plots of Ln (W / T) versus B0r (Fig.7) provided

w i Staght lineswith sloges oiiy® a f Bl and o
e‘?ffic[bﬂ(:(?/'\lv\'ﬂi)th"’ fpsS°al R))
AH°a an AS°a were Teb&eb.cul at ed

P nt
f

e
ro

r
I

ent
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Figure 6. Arrheniusplots for mild steel corrosion rated/{ in 1 M HCI with and without 1 g. £ of HMP and
PMP
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Figure 7. Transitionstate plot for mild steel corrosion rat&¥)(in 1 M HCI with and without 1g. £ of HMP
andPMP

Table 5. Activation parameters obtained from Weight Loss measuremeht®&f andPMP on mild steel in 1
g/L

Inhibitor 3% J(kJ mol?) 3( J (kJ mot?) 23 JJ molt K
Blank 47.76 41.60 -103.67
HMP 29.20 24.96 -181.29
PMP 28.79 27.71 -179.80

In the presence ofiIMP and PMP, the activation concentrations of each inhibitor, meaning that the
energies are lower than those in the uninhibited acid metal has a lowtendency to be dissolved. The
solution (Table 5). Adding inhibitors, therefore, negative values of entropy
reduces the dissolution of metal in the 1 M HCI attributed to a reduction in disorder induced by the
medium®’. We note that the chemisorption will be the adsorption oHMP andPMP molecules on the steel

most favorable because of the increase of (Ew) and surface®.

the lower value of E°@®. The positive value of 3.5. Adsorption considerations

ent hal py of activation (AH®° a) wi t h various
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The appropriate isotherm hbeen obtained by using  values are also close to 1. Thus, the Langmuir model

the values of surface coveragd),(evaluatedfor was found to give the best descripti@iigs 8 9) °.
weight loss measurementBhe plot ofC / \rsus C
Eq.(7) yields a straight line with all linear correlation - — # )
coef fi cRF) smeady equal to 1 and the slope
10
m 298 e 303 A 318 w 328
8 -
e
= 67
g
Q
o,
2 -
0 L T E T g T y T y T y T y
0 1 2 3 4 5 6 7
C(mML™")

Figure 8. Langmuir adsorption isotherm model ®MP on carbon steel surfacetatmperatures 298

| m 208 e 308 4 318 v 328
[
5 <
D 4-
=
&
o 3
o
2
14
0 g T y T T T T T T T T T
0 1 2 3 4 5 6
C(mM L")
Figure 9. Langmuir adsorption isotherm model #dMP on carbon steel surface at temperatures 298,3(#8,
and 328 K

Table 6. Thermodynamic and equilibrium parameters obtained from weight loss measurements for the adsorption
of HMP andPMP on mild steel surface in lig! at tempeatures 298, 308, 318 and 328 K.

Inhibitor | T (K) K (10°L mol?) 3 J (kJ mol) 3( J (kJ mott) 33 J (I moitK?)

HMP 298 7.4 -32.1 16.64 (Eq : 5) 163.6
308 9.3 -33.7 163.4
318 11.1 -35.3 163.3
328 14.3 -37.1 166.4
PMP 298 16.7 -34.4 24 Eq: 5) 194.9
308 20.8 -35.8 194.2
318 33.3 -37.5 195.6

328 40.8 -40 198.0
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It follows from the data presented Trable6 that the
adsorptive equilibrium constant (K) incredswith
increasing temperature®MP has a greater value
indicating its ability to be absorbed easily and strongly
40, Theequilibrium adsorption constant K is linked to

A. Ansariet al.
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Where R is the universal gas constant, T is the
thermodynamic temperature, D is integration constant
and the value of 55.5 is the concentration of wate
the solution in M (mol/L).

: o_calculate the thtjj‘o of adsorpfi L R
\t/vitr;1 ?he esn;ui{; nedu?altircﬁg Gibbs frge %<51v§as o¥ted a?gllns (ggl ) n%j Straig tlng AG
_ 9 q‘ ' was obtained with slope equal t& (HadR). Wlth the
Y J &2 4 lvlag+ (8) obtained both pamncdmat&rs of
. a d s, p.raap dan be calcdatetd r o p y
I 2 F c j It gtn g: ' Sa saedaﬁn%"g crq]mulcillbaenn’ nﬁ% rh ol%\XnnqrHj % tion. All the standard
hermod a(mlc%aq'a Bierd are listed ible6.
~ y 3
o $ 9
10.6 o
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10‘0__ m HMP
| e PMP
—_ y=1543x-2 i R*>=0.97
£ 987 y=20x-3:R*=0.99 X
-
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9.4
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Figurel0.Van’'t Hof f’'s pl ot of Ln IKMPaagdeMmontomid/stgel f or t he
yg3 3 Y3 ¥ (10) indication of an increase in solvent entropy, because
of the adsorption of inhibitors on the metal surféce
The negat i v eis(Madbuaflectedttie A G°
spontaneous aspect of t h8.6. Calchlatitmsé df GDFT iadicesd sor pti on on
the steel surfacé”. Mor eover , t h g Vv arhisustudy begihs with@e optimization ldMP and

computed as shown imable 6 were about-40 KJ
mol?, reflecting that the charge sharing or transfer of
the inhibitor to the charged mild steel surface took
place (chemisorption)**. Moreover, the positive

v al u e s.agsimdan thaHthe dissolution praseis

an endothermic phenomen6h Finally, the positive
val ue a0ifi theApgeSence of inhibitors is an

PMP inhibitors. Certainly, this optimization was
confirmed by the presence of zero imaginary
frequency in the Hessian matfix The numbering of
the atoms for both inhibitors studied is illustrated in
Fig.11.

(

t
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LUMO

Figure 11. Theoptimized structurand HOMOLUMO orbitalsof HMP andPMP

Several studies devoted to inhibitor corrosion t he e n e r gag-Eng) ®fgnhilditer indicBtes a
mechanisms have proven that the analysis of the tendency of this to donate electrons to suitable

indices definedvithin the conceptual DFT (CDFT) is

a vital role to comprehend corrosion phenomenon.

acceptor metal and consequently facilitate adsorption
between inhibitor and met&l*’ In order to evaluate

Indeed, a virtuous correlation has been establishedthe glob& Electron density transfer from inhibit
between the speeds of corrosion and CDFT indices via the iron metal certai@DFT indices related to the

that are frequently associated with the electron
donating ability ofthe molecule. Additionally, the

literature reveals that the adsorption of the inhibitor
over the metal surface can proceed with denor
acceptor
heterocyclic compound and the vacamrbital of the

metal surface atom#n this sense, the lower value of

electronic molecular structure are calculated such as:
the electronic, chemical potential(u) chemical

hardness(n) energgandiodhe ( AE)
fraction of an el ectron

i nt er-aecttonsoaf she b el we ¢ mn o nte g &aMR and PMWP( inkhibitors o r

(Table?).

Table 7. The quantum chemical parameters of the studies inhibitors at the DFT methbd ferutral form of

inhibitors.
Inhibitor Ero Esv M d xeE &N
HMP -5.99 0.70 -2.64 3.34 6.68 0.65 2.64
PMP -5.93 -0.44 -3.19 2.75 5.52 0.69 3.19
The local reactivity of inhibitor is portrayed for nucleophilic attack will be the place where the

framework of thenucleophilic P and electrophilid®*

Parr functions. The utility of these indices focused, in
fact, to differentiate each amount of the molecule
based on its individual chemical behavior due to
different substituent functional groups. Thus, the site

value of P+ is a maximum. In turn, the site for an
electrophilic attack is explained by the maximum
value of P. Nucleophilic P and electrophilic PParr
functions for the significant atoms BiVIP andPMP
inhibitors are reported imable8.

Table 8.Nucleophilic P and electrophilic PParr functions for the significant atomsHi¥1P andPMP inhibitors

Number HMP
Atom P P
C 0.399 -0.007
0.335 0.310
C 0.029 0.007
17 C 0.013 -0.001
29 N 0.360 0.277

Number PMP
Atom P P*
C 0.402 0.008
-0.064 0.163
C 0.041 0.029
13 N 0.184 -0.018
14 N 0.072 0.134

t

be
r
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30 N -0.058 0.182 15 C 0.072 0.244
24 H 0.033 0.310 16 c 0.065 0.121
* * ok ok 17 C 0.080 0.042
* * ok ok 22 C 0.175 0.309
From Table 7 we noticed that thedMP and PMP metal from dissolution. Because of their higher

i nhibitors have a posit tapaeity o sWwitche elearéns thrdughitheskiactiset e s
clearly the capability of the inhibitor to donate its locations to the metal surface. The interaction energy
electrons to iron metal. As well it is possible to between the molecule of the inhihitand the surface
observe that the chemical hardness and the energy gamf Fe (110) was acquired usiagj (7) “.

of PMP inhibitor have lower values than that of 100
HMP; and that thePMP has a higher fraction of
transferred electrons than thatii¥1P. These results 2n Forcite Analyse -
point out that the inhibiting efficiency order for the - RDF (Fe (11 0)_surface - N14)
HMP and PMP inhibitors is the followingPMP > s
HMP in accordance with the experience. -
As depictedn Tables, for the nucleophilic attack, the %
most reactive site related ®MP is on the carbon
atoms (C2, C15, C16, and C22) and nitrogen atom
N14, HMP is on carbon atom C2, nitrogen atoms
(N29 and N30) and a hydrogen atom H24. Besides,
for the electrophilic attack, the preferred reactive site
associated wittPMP is the follow atoms category: y i RS S :

carbon atoms (C1 and C22) and nitrogen atom N13, ° 2 4 g 3 e 12
HMP is on cabon atoms (C1 and C2) and nitrogen r(Angsrom)

atom N 29. This result displays that the two inhibitors Figure.12 Radial distribution function of thEMP
studied have the capability to react locally with the on the Fe (110) surface in solution

iron metal either by a donor or acceptor character.
3.7.Monte Carlo simulation (MC) E ads= E total +E sol = (E surtacesor+ Einnibitor+so) ~ (11)

Molecular Simulationwas conducted to investigate (Eass= E adsorption; &= E solutior)
;[rl’]]ﬁb:’telftlo:]]ghtll’? rtr)]ettwleenrf bOtlTrl:cPIVanBH‘PAF thi Where Eotal, Esurface+solution Einnibitor+solution ,and Eolution
ors a € metal surface involved. Before this correspond respectively to the total energies of the

g_nal_);)sis_, it ;S al_so poSsibIe to o_btain thaladi_al Fe (1D) surface with adsorbed inhibitor and solution,
istribution  function RDF) (or pair correlation ¢ 45101 energy of the surfacedasolution, the total

Ifuncti_on) % (n). The R_ D 'T iﬂsid ?AS 3technique fﬁr energy of the system except the iron crystal, and the
earning the connection length. Modern researchers ;. energy of the solution.

suggested that the appearance of peaks from 1 A to
3.5 A (Fig.12) is a sign of tiny chemisorptierelated The outputs and descriptors calculated by the Monte
bonds#. The findings achieved to strengthen the Carlo simulation in two phases including the total

maximum adsorption abilit of the compound adsorption (Eads) rigid adsorption (ERA) and

inhibitors of Menthopyrazole tested to safeguard deformation energies (Edef) are presentedainle©.

Table 9. Outputs and descriptors calculated by the M@@wdrlo simulation for adsorption 6fMP andPMP on
Fe (110) (inkcal.mot?).

Molecule Phase Etot Eads ERA Edef dEads/dNi
HMP G -66.87 -73.57 -74.35 0.78 -73.57
A -5186.17 -5192.87 -5467.62 274.75 -80.70
PMP G -85.47 -165.85 -139.04 -26.81 -165.85
A -6586.89 -6667.27 -6995.73 328.46 -148.46

In Table9, it can be noted that tlalsorption energy  improved in the order diMP < PMP and this latter

of the inhibitors is negative in each case. This means molecule gave the highest adverse energy of
that the adsorption on the surfaces of both inhibitors adsorption. This indicates th&MP had better

is spontaneous and that the interaction between themefficiency in inhibition thanHMP. These findings,
will take place in aqueous and gas pha$ésThe therefore, corroborate the similarities in electronic
adsorption energies of the molecules studied and molecular parameters derived from quantum
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chemical computations. Furthermore, as can be seeninhibitors and metallic surface. Their adsorption on
from the elevated absolute value of.glE dNi for the iron surfae offers a bigger blocking region on the
molecules studied iMable 9, inhibitor molecules steel surface and avoids possible acidic attacks on it
substitute HO on the iron surface resulting in the *°. Figures13 and 14 show the close connections
creation of inhibitor molecules protective film. The between the tested molecules and the surface of the Fe
experimentally observed elevated inhibition impact (1 1 0) as well as the best adsorption configuration for
could lead from the strong interaction between these compounds in gaseous and aqueous stages.

Figure.13 Side and top views dghe stable adsorption configuration for Fe (1P®)P andHMP /500 HO
system obtained ugjrthe adsorption locator module

A AR - Y e N e ¢
PMP (AT e £ 14> S 1 HMP
X S L2 2 & x5 »
'

X o~

Sy - Nl S
yeliaa RN RSP UT SPR [ENo
USRS $ 57 T s

¢ L

Figure 14. Side and top views of the stable adsorption configuation for Fe ANI®)AndHMP obtained usig
the adsorption locatanodule

4. Conclusion 1-phenylmenthopyrazold®MP) on corrosion of mild
steel in 1 M H CI has beanvestigated using weight

The corrosion inhibition effect of two new menthone loss and electrochemical measurement in addition to

derivatives such as menthopyrazolelMP) and
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quantum chemical calculations including density Combining Theoretical and Experimengtudy,

functional and Monte Carlo simulation. Surfaces and Interface202Q 100442.

7- J. Zhang, A3H-Imidazot4-yl)-ethylamine as a
Green Corrosion Inhibitor for Q235 Steel in
Hydrochloric Acid, Int. J. Electrochem. Sci.,
202Q 15, 143#1449

8- E.K. Ardakani, E. Kowsari, A. Ehsani,
Imidazoliumderivedpolymeric ionic liquid as a
green inhibitor for corrosion inhibition of mild
steel in 1.0 M HCI: Experimental and
computational study, Colloids and Surfaces A:
Physicotiemical and Engineering Aspec292Q

Frome the overall experimental results obtained we
can deduct thaiMP andPMP act as goodhhibitors

for the corrosion of steel in HCI medium. Note that
the inhibition efficiency increases in both the
concentration and the temperature of the new
synthesized inhibitors to attain 98% fekMPat 1 g/L.
Also, the polarization curves revealed tifae¢ used
inhibitors were mixedype inhibitors. In addition to
this, the adsorption of use compounds on the mild
steel surface obeyed a Langmuir isotherm. A good

correlation was found between the inhibition 586, 124195.

- . o- A Sedik, D. Lerari, A. Sal¢iS. Athmani
efficiency and quantum chemical parameterso(fo. B ac h an | i Geci eds | er
Eiwoand gap energy (AE). T Il—Jrun &xtract as e%tnendly LoFrosibnTnhickd ©

agreement with experimental results. Finally, MDS
suggests that the strongest interaction of both
inhibitors PMP and HMP with the metallic surface
can be adsorbed on Fe (1 1 0) in near flat orientation
mainly though the pyrazole and phenyl rings. Note
that in agueous phase, especially fMP some
distortions have been observed with higher adsorption

for mild steel in 1 M HCI: Electrochemical and
surface morphological studies, Journal of the
TaiwanlInstitute of Chemical Engineer202Q
https://doi.org/10.1016/j.jtice.2019.12.006

10-Z. Faska, A. Bellioua, M. Bouklah, L. Majidi,
R. Fihi, A. Bouyanzer, B. Hammouti, fett of
pulegone and pulegone oxide on the corrosion of
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