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Abstract

Chalcone derivatives namely: (E)-3 (4-methoxyphenyl)-1-(p-tolyl)prop-2-en-1-one (MTP),
(E)-1,3-di-p-tolylprop-2-en-1-cne ~ (DTP), and  (E)-3-(4-(diethylamino)phenyl)-1-(p-
tolyl)prop-2-en-1-one (DEP, w.re synthesized and characterized by nuclear magnetic
resonance (NMR), Mass crec.oscopy (MS) and Infrared spectroscopy (IR). The corrosion
mitigation of mild stee! (1115) in 0.5 M H,SO, by these compounds has been investigated by
weight loss, electrochz.nical technique, surface analysis and theoretical studies. The
investigations were performed at three optimum concentrations (10, 107°, and 10° M) at
three temperatures (298, 313 and 328 K) The weight loss Potentiodyanamic polarization
(PDP) and Electrochemical impedance spectroscopy (EIS) measurements showed that DEP has
the maximum inhibition efficiency (93.3% for highest concentration i.e 10 M) at 298 K
among all three inhibitors. The inhibition efficiencies vary directly and inversely with respect to
concentration and temperature respectively for all the additives. Potentiodynamic polarization
(PDP) measurements revealed that the chalcones are mixed-type corrosion inhibitors and
obeyed the Langmuir adsorption isotherms. Electrochemical impedance spectroscopy (EIS)

technique further proposes that the inhibitor molecules mitigate corrosion process by adsorbing



at the metal/electrolyte interfaces. Further the adsorption of chalcones at the metallic surface
was supplemented by SEM and AFM studies where the decreased surface roughness of the

inhibited mild steel specimens was observed as compared to the uninhibited specimen.

Several thermodynamic parameters (AG?,,AH?_ andAS?, ), DFT and MD theoretical

ads ! ads ads
parameters were calculated to explain the adsorption behaviour of these compounds on
specimen surface.

Keywords: Corrosion inhibitor; chalcone; quantum chemical calculations; adsorption
isotherm.
1 Introduction

Metal corrosion is very old problem as far as human civilizatic» is concerned and has been a
matter of investigation since ancient times [1-4]. It is always desirable to understand its
proper mechanism along with the solutions that preven. 1 at a tolerable level. With
modernization, use of metal structures increased chorninously, the need of corrosion
prevention at the level of structural design was strong!v fei*. Enormous utilization of metals has
increased the loss share due to corrosion failure in varivds countries and could be 3-5% of
their GDP [5, 6]. Due to the mixed properties 'ik- fl.xibility high mechanical strength and low
cost, mild steel is among the most communi ' uscd materials for building industrial structures
[7]. Sulphuric acid is an important miner.!' acid which is used in various industries with
different uses such as acid pickling, Aciu Yath, descaling etc., therefore the effect of corrosion
inhibitors mainly in this medium ren aias the matter of investigation. Corrosion inhibitor is
among the most widely used practices to minimize the corrosion induced by mineral acids
[8]. Several type of corrosion .~hivitors are used but one based on organic compounds are the
most operative, effective «~a economically viable due to their high adsorption nature and
synthetic route with c¢i.>aper reactants [9-14]. According to literature, hetero atoms (P, S, O
and N) and electron ric:, centres containing molecules act as good corrosion inhibitors [15-
18]. However, most of these organic inhibitors are found to be toxic and less eco-friendly and
have restricted use due to volatile nature and less solubility in polar solvents. Maximum
surface coverage, economic accessibility and environment friendly nature are the common

factors for selecting corrosion inhibitor [19-22].

Fascinating pharmacological properties are reported by Chalcones, flavonoids compounds
[23-24]. However, many research groups have reported chalcones derivatives as corrosion
inhibitor for different metals in acidic media, but most of the studies are performed in

hydrochloric acid medium [25-28]. This is first time that corrosion inhibition abilities of



newly synthesised chalcone compounds with very low concentrations were tested in
sulphuric acid medium. The mitigating mechanism of few chalcone derivatives in acidic
medium have been reported by Li et al. [29,30]. However, the exact inhibition mechanism of
many chalcone derivatives is still unknown and a further deep analysis is required. Our
research group try to explore the possible inhibitory mode of action of newly synthesised

chalcones compound on the mild steel surface in sulfuric acid.

The inhibitive effects of MTP, DTP and DEP have been examined using weight loss,
electrochemical techniques and morphological studies. Quantum methods and computational
modelling method are also used to correlate theoretical understa «ding with experimental data.

2 Experimental section
2.1 Materials and methods

Chemicals were purchased from Sigma Aldrich and 'sed without any purification. All

Solvents were purified and dried according to standa d p) cedures.

The IR spectra were recorded on a Perkin-El:ver inodel 2000 FT-IR spectrometer by making
KBr disk for solid samples. For IR spect a, £mg of the compound is taken. The *H NMR and
the 3C NMR spectra were recorded ~n Jeol Delta 400 MHz and 100.6 MHz spectrometer,
respectively using tetramethylsilane (1. 1S) as internal standard and CDCl; as solvent. For the
determination of the 'H NMR ara *C NMR spectra, the 5 mg, and 15 mg respectively of
compounds are taken and disslveu in CDClj3 to obtain a clear solution. The chemical shift
values are on ¢ scale and tk.» co..pling constant (J) are in Hz. HRMS analysis was carried out
using Agilent G6530AA LC Q-TOF mass spectrometer. Analytical TLCs were performed on
pre-coated Merck silica-.el 60F,s,4 plates and the visualization of the developed plates was

performed by UV light.

Mild steel (MS) specimen having chemical composition (wt%) of C (1.62), Si (0.030), P
(0.020), Mn (1.00) and the balance was Fe was used to perform the corrosion inhibition
experiments. For Weight loss technique, MS coupons of 1cmx 1cmx 1cm were used while
for electrochemical techniques coupons having dimension of 1cm x 1cm x 3cm whose one
end was soldered with a copper wire and covered with epoxy resin araldite except one face
with surface area of 1 cm? was used as the working electrode (WE). Prior to a new testing in
every technique, the MS specimen was polished with emery papers (grade 150 to 2000),
cleaned with acetone (CH3;COCHj3), rinsed with distilled water to scrap off impurities. The



structure of investigating compounds (E)-3-(4-methoxyphenyl)-1-(p-tolyl) prop-2-en-1-one
(MTP), (E)-1,3-di-p-tolylprop-2-en-1-one (DTP) and (E)-3-(4-(diethylamino)phenyl)-1-(p-
tolyl)prop-2-en-1-one (DEP) are shown in Fig. 1 (a-c, respectively). Stock solutions of 1x10™*
M concentration of additives in 0.5 M H,SO, solution were prepared by the calculated amount
of the solid compounds MTP, DTP and DEP. The lower concentrations, viz. 1x10°> M and

1x10° M of these compounds were prepared by diluting the stock solution i.e. 1x10* M.
2.2 Synthesis and characterization

2.2.1 Synthesis of (E)-3-(4-methoxyphenyl)-1-(p-tolyl)prop-2-en-1-one (MTP), (E)-1,3-di-
p-tolylprop-2-en-1-one (DTP), (E)-3-(4-(diethylamino)phe.~vI)-1-(p-tolyl)prop-2-en-1-
one (DEP)

Chalcones were synthesized by previously reported procedu. & as given in Fig. 2, through base
catalyzed condensation of substituted acetophenones «na ~upstituted benzaldehydes [31]. To a
solution of acetophenone (0.01 mol) in ethanol (40m’’, be.:zaldehyde (0.01 mol) derivative was
added. Then solution of aqueous KOH (60 %, 1C r.al) was added with continuous stirring for 30
minutes. The mixing was continued for 7-o hou*s at room temperature. After completion of
reaction which was confirmed by thin laye, ~hromatography, ice cold HCI (25 ml, 10 %) was
added. The solid was obtained which wa: separated by filtration followed by washing with ice
cold water till neutralization. Finallvpi oduct was recrystallized with ethanol. All three chalcone
derivatives were characterized L’ NMR, IR and Mass Spectroscopy. NMR spectra of all
compounds are shown in Fig. ? (a ) and *C NMR, IR and Mass Spectra of these compounds

are separately given in S| ',

MTP: Mol. Formula: C 7H1602; Mol. Wt. 252.1150; Yellow solid; Yield= 94 %; FT-IR
(CHClI3, cm™): 3003, 1652, 810, 737, 672; *H NMR (400 MHz, CDCl3) 6 7.92 (d, 2H), 7.77
(d, 1H), 7.59 (d, 2H), 7.41 (d, 1H), 7.30-7.25 (m, 2H), 6.93 (d, 2H ), 3.84 (s, 3H,), 2.42 (s,
3H) ppm; *C NMR (100 MHz, CDCls): § 190.15, 161.67, 144.32, 143.44, 136.00, 130.24,
129.35, 128.65, 127.83, 119.90, 114.48, 55.48, 21.73 ppm; EM m/z (%) : 253 (M+1).

DTP: Mol. Formula: C17H10; Mol. Wt. 236.1201; Yellow solid; Yield= 95 %: FT-IR
(CHCIs, cm'l): 3025, 1660, 807, 759, 735; *H NMR (400 MHz, CDCl3) 6 7.93 (d, 2H), 7.78
(d, 1H), 7.55-7.47 (m, 3H), 7.29 (d, 2H), 7.22 (d, 2H), 2.43 (s, 3H), 2.39 (s, 3H) ppm; B¢

NMR (100 MHz, CDCl3): ¢ 190.24, 144.60, 143.59, 141.03, 135.88, 132.37, 129.77, 129.38,



128.71, 128.52, 121.19, 21.76, 21.61 ppm; EM m/z (%): 237 (M+1).

DEP: Mol. Formula: CyH23NO; Mol. Wt. 293.1780; Yellow solid; Yield= 90 %; FT-IR
(CHCls, cm™): 3029, 1649, 806, 746, 683; *H NMR (400 MHz, CDCl,) 6 7.91(d, 2H), 7.77
(d, 1H), 7.52 (d, 2H), 7.32-7.25 (m, 3H), 6.65 (d, 2H), 3.40 (q, 4H,), 2.42 (s, 3H), 1.19 (t, 6H)
ppm; BC NMR (100 MHz, CDCl3): ¢ 190.30, 149.71, 145.58, 142.82, 136.65, 130.76,

129.21, 128.51, 122.04, 116.44, 111.37, 44.52, 21.65, 12.73 ppm; EM m/z (%): 294 (M+1).

2.3 Weight loss technique

The gravimetric study was evaluated at 298, 313 and Z2% = 2 K for all three studied
concentrations of chalcone compounds with average dir.oitig dme of 6 hours. For each set of
experiment, a freshly polished coupon with area 1cm= was immersed into 100 mL of test
solution, same procedure was repeated in duplicate *o ge: reproducible results. The corrosion
rate Cr is calculated by dividing the weight loss, 'V mg) of specimen by the product of Area,
A (cm?) of specimen and exposure time, t ¢ ur.) i.e Ck=W/At [32]. The inhibition efficiency

IEwL (%) was determined by using the forn. 'la:
_ Cp=Cpg(p

Where Cr and Ck (i) are the c-rros.on rate without and with the addition of the inhibitor in
acid solution respectively. The ~urface coverage (0) of chalcones molecules on metal surface
in all techniques was c~'~u.>led by using inhibition efficiency values according to the
following equation:

0 = |EwL( %)/100 )

Where IE is the inhibition efficiency of a studied additive.

2.4 Electrochemical methods

Three electrodes cell assembly consist of working, auxillary and reference, which was
assembled in a luggin capillary, cell assembly were used for electrochemical measurements.
The cell assembly was kept in a water thermostat for a fixed time to achieve an open circuit
potential (OCP). The measurements were done by using an electrochemical workstation CHI
760C (CH Instruments, Inc, USA). The Tafel graphs potential (E) — logarithm of current (log



I) were obtained by this technique. The plots were recorded in the potential range —0.9 and +
0.0 V at a scan rate 1 mVs™. By the extrapolation of these Tafel plots various corrosion
parameters were obtained such as corrosion potential (Ecorr in mV), corrosion current (lgorr in

mA/cm?), two slope values in mV/decade (8, and f., respectively) and tabulated in Table 2.

Inhibition Efficiency (IEgps %) was computed with concern surface coverage (6) using the

relationships, in equations 3 & 4 [33]:

Lo = Vo ©)
IEp (%) = =2 4100

corr

Icorr (in
eapszl—(c—(h)) 4

ICOT‘T

Where lcorr and leorrinny cOrrespond to the corrosion curi-nt uensity (values in mA/cmZ) in the
absence and presence of inhibitors in corrosive solutin, 1 >spectively.

The Impedance studies were carried out just after thz polurization measurements on the same
electrode system without any further surface mc fification by using the 10 mV sine wave as
the excitation AC signal at the OCP in e frequency range from 100 kHz to 0.1Hz. The
impedance descriptor charge transfer resisince (R¢ values in Qcm?) was assessed from the
semicircle in the Nyquist graphs. The nhibition efficiency for impedance (IEgis %) was

determined from R according to eau. tiun (5) below [34]:

Retcinm)—R i N
IEEIS (%) — ct(inh) ct(acid) <10 9 (5)
Ret(inh)

The double layer capacitanc> Cj values were calculated according to the equation 6, [15]:

1 _
f(—Zmax) = gc 2= )
where f(-Zmax) 1 the maximum frequency on the imaginary impedance axis, and its values are
also listed in Table 3. Since the data is made to fit with the corresponding impedance values of

an equivalent circuit. The process was performed using the software ZSimpWin Version 3.21.
2.5 Morphological study (SEM and AFM)

The specimen coupons were immersed into 50 ml of inhibitors solution (MTP, DTP and DEP)
of higher (10 M) concentration prepared in 0.5 M H,SO, for 24 h at room temperature.
Study was also done only in the presence of 0.5 M H,SO,4. The coupons were withdrawn,

washed with deionised water, kept in a desiccator, and after that the SEM images were



obtained with the JEOL JSM-6610 SEM instrument. The 3-Dimensional AFM analysis was

performed with a Nanosurf Easyscan2 instrument, model no. BT-02218.
2.6 Theoretical studies

The Quantum Chemical Calculations have been carried out by using the Hyperchem 8.0
software and structures optimization by semi-empirical AM1 Method to substantiate the
above information at the electronic level. Molecular dynamics (MD) simulation was applied
to evaluate the interaction and adsorption performance of selected chalcone derivatives on the
surface of Fe (110) using the Forcite module which is implemented in Materials Studio8 [35,
36].

3 Results and discussion
3.1 Effect of concentration on inhibition efficiency

The variation of corrosion inhibition efficiencies for 4l s:udied concentrations of inhibitors at
three temperatures are given in Table 1 and p'ccs are given in Fig. 4(a), (b) and (c). It is
observed that percentage of IE increase, .viu. increase in the concentration of inhibitor.
Maximum IE% i.e.~89% was shown by L -P inhibitor as compared to DTP (86%) and MTP
(85%) inhibitors at highest concer:ration (10* M). Hence DEP showed slightly
betterinhibition efficiency as compare d 0 other two inhibitors and overall order of inhibition
is as follows: DEP > DTP > M, ®. 1ne high value of surface coverage (6) leads to the fact
that adsorption of Chalcone .moiccules on the active site of mild steel surface is one of the

possible mechanisms of irhib.ton.
3.2 Galvanostatic polar, ~ation (GP) study

Polarization graphs for MS with (10° to 10* M) concentrations of MTP, DTP and DEP
inhibitors and without inhibitor were recorded at 298 K to 328 K and representative plots at
298 K depicted in Fig. 5 (a), (b) and (c) respectively. The various corrosion parameters were
obtained with the help of this study are tabulated in Table 2. The relative deflection of the
Ecorr values after the addition of an inhibitor as compared to the blank acid is largely gives the
indication about the anodic, cathodic or mixed-types behaviour of inhibitors. The swing of
Ecorr >85 mV towards either of the side is attributed blocking of anodic or cathodic site
accordingly by the inhibitor, while a change in Er <85 mV implies that the additive is

mixed-type inhibitor, it means, it discontinues both mild steel at anodic half-cell and



reduction of H* ions at cathodic half-cell of corrosion circuit respectively [37]. The values of
corrosion potential obtained from this study are within the range of £85 mV with respect to that
of the acid, both anodic and cathodic reaction are affected simultaneously and no particular
shift was spotted. This indicates that the all the used inhibitors are act as mixed-type of
inhibitors. The values of £. and S, have been found to be irregular which indicates that
inhibition of corrosion of MS in acidic medium is not only due to adsorption [38] but there is
also involvement of anions and due to synergistic effect. This adsorption process of inhibitor is
also indicated by the decrease in current density values. With an increase of an inhibitor
concentration inhibition efficiency was also increases. It happens due to the presence of
conjugated m-electrons of chalcone which overlaps with the va-ant d-orbitals of the metal
surface and excess of electron density donate back to the vacar.t a* orbitals (p-orbital) of
inhibitors resulting in a synergistic effect. A comparison of | Zgps (%) values of MTP, DTP
and DEP as shown in Table 2 reveals that DEP exhihits _light better inhibition of mild steel
corrosion than MTP, DTP throughout the studied c~:icentration and temperature range.
Generally aromatic compounds have been obser.ed better corrosion mitigation properties
than O-containing compounds due to the prec=nce of conjugated m-electron rings which can

donate electron-density to vacant d-orbit.!s r.f Fe [39-42].
3.3. Electrochemical impedance specu.ascopy

The corrosion behaviour of MS 1, 1.0 M H,SQO, solution in the absence and presence of
studied concentrations of all thic~ additives at room temperature was further explored using
EIS electrochemical tectug'ie. The Nyquist plots for MS in 0.5 M H,SO,4 without and with
various concentrations o. the studied Chalcone compounds are shown in Figures 6 (a), (b)
and (c). The Nyquist plots show decrease in the radius of semicircles due to non-ideal
conduct of electrochemical interface on MS in the aggressive corrosive medium [43]. The
diameter of Nyquist plots increases with increase in the amount of inhibitors added in
corrosive soultion [44, 45]. This implys that the additives form defensive layer on the MS
surface thus rising the impedance of MS interface to the corrosion process. The EIS spectra
were fitted into the equivalent circuit shown in Figures 7 (a), (b) and (c), and the

electrochemical parameters obtained from the fitting and simulation analysis are listed in



Table 3. The %IE The double layer capacitance, Cy values were calculated according to the
equation 5 and 6 respectively and their values are also listed in Table 3. The R¢; value may be
infered as the resistance created by inhibitor to the charge transfer ahead of the oxidation of
the MS. It is noticeable from the parameters given in Table 3 that with the increase in the
concentration of inhibitors the R values increases due to the formation of protective
defensive layer of inhibitor molecules on the MS surface thereby reducing the movement of
charged species across the interface. The Cy values in the presence of the inhibitors are
generally lower than that of the blank acid system. This sugge<*~ a Jecrease in local dielectric
constant or an increase in the thickness of capacitive 1ay=r, which is attributed to the
adsorption of inhibitor molecules on the MS surface I16,. The %IE increases with increasing
concentration of the inhibitors but the trend of inhibiive nerformances obtained from the EIS

data cannot be generalized.

3.4 Adsorption isotherm

Various adsorption isotherms [47] v.cre plotted to investigate the exact mechanism of

adsorption of inhibitors. From the se =otherms various thermodynamic-kinetic parameters such

as AGY_,AH® and AS®_ were oalculated.

ads ! ads ads

By plotting the various isutric'ms it was obtained that the value of correlation coefficients (r%) for
the plots of Cinn/6 verse™ Cinn (Figure 9 (a), (b) &(c)) equal to or nearly 1 which directs that
Langmuir adsorption (LA) isotherms are followed by a specific adsorption method at an
applicable temperature for all inhibitors viz. MTP, DTP and DEP. The Langmuir adsorption
isotherm for an isotherm is denoted by following equation (Eq. 7) [48]:

1
Cinn/0 = % + Cinn (7)
ads

The extent of adsorption of inhibitor with respect to total available site is called degree of
surface coverage, and is represented by 6, which can be obtained by dividing the inhibition
efficiency by 100. The value of O lies between 0 and 1, i.e.,, 0< 8 <1. In equation 7, Kags

indicates the adsorption equilibrium constant whose values were obtained from the intercepts

0
ads

of the above plots. Gibbs Free Energy of Adsorption (AG,,. ) values were calculated from the



equation 8;

AG®,. = —RTIn(55.5K y45) (8)

ads

Where; R and T denote the universal Gas Constant having value 8.314 JK'mol™ and the

absolute temperature in Kelvin respectively.

0
ads

0
ads

Physisorption (AG,, ~ -20 kJ/mol) or chemisorption (AG_, ~ -40 kJ/mol), adsorption

0
ads

behaviour of inhibitor molecules on metal surface is indicated by AG_, values having negative

sign which explain the spontaneity of the process. All inhibitors MTP, DTP and DEP are
showing chemisorption (values ranges from -40 to -50 kJ.mol™) .> mitigate corrosion on the

MS surface.

With the help of Van’t Hoff equation (Eq. 9) other therr oay..amic parameters like enthalpy (
AH?, ) and entropy (AS?, ) of adsorption were obtai- ed.

ads

—AH®qq45

InK, ;s = =r + const. 9)

Enthalpy of adsorption were evaluated b, taking the slope (AH2, /R) of the graph plotted

ads

0
ads

between natural logarithm of Kags ag~insu *he reciprocal of T. The entropy of adsorption AS

further calculated by putting the vaauss of AG?, and AH?

ads ads

in the following equations:

AGoys - —AHgqs — TAS gy, (10)
° AH; S_AGOa s
ASads = 4 T 4 (11)

Generally, enthalpy values less than -40kJ/mol, is an indication of physiorption mechanism
whereas for chemisorption behaviour, the values are around -100kJ/mol and negative sign
shows the exothermic nature of this process. Calculated values of enthalpies of adsorption are -
78 kJ/mol, -62 kJ/mol and -63 kJ/mol for MTP, DTP and DEP, respectively, therefore all
inhibitors obey physiorption on the specimen. This may be explained due to electrostatic
attraction between positively charged oxidised metal surface and negatively charged species

formed due to the inhibitor molecules. The negative values of AS?,  leads to the fact that the

ads

intermediate species is formed due to adsorption than desorption process, which signifies that

0
ads !

no disordering occur in the reaction path [49]. The thermodynamic parameters such asAG



AH® and AS?

ads ads

obtained from Langmuir adsorption isotherm for MTP, DTP and DEP are

reported in Table 5. Further Arrhenius relationship was used to calculate the activation

energy (Eac) related with current rate [50, 51]:

—Eac
109 Icorr = logA - (2_303I;T) (12)

The Arrhenius graphs of log of current density against 1000/T and plot of activation energy
versus concentrations of inhibitors MTP, DTP and DEP, respectively are plotted. The
activation energy has been calculated by the slopes of plotii graphs and the values are
tabulated in Table 5. The two modes via which an inhibitor prr.cecis tne surface of the metal are
either by “blocking the geometry” effect that is by blockirg u < area available for reaction, or
by adjusting the activation energy of anodic and cathoc‘c process on the uninhibited surface
during the inhibited corrosion reaction. Table 5 shows hat Ea: values are higher after the
addition of MTP, DTP and DEP inhibitors than in ccrrosive 0.5 M H,SO, solution only shows

the reduced corrosion rates in the existence of inh.it,rs in corrosive medium.

3.5 Scanning electron microscopy (%.c ™M)

Two dimensional SEM images o. nroperly grinded metal coupons surface, and the surface of
specimens recovered from -or,nsive solution before and after the addition of highest
concentration i.e. 1x10™* M (¢ 'TP, DTP and DEP, respectively,are shown in Figure 10 (a—
e). The well grinded :'ar,~ srecimen surface (Figure 10a) shows that it is homogeneous and is
free from roughness and pits whereas in the presence of acidic solution (Figure 10b) MS
coupon reveals destruction of uniform surface having pits and holes which is due to MS
dissolution and formation of plenty of corrosion products. However, a protective layer of
inhibitors with confined roughness on MS surface appeared which shows a significant
reduction in the addition of inhibitor in corrosive medium. Comparatively smoother surface
was depicted in the addition of DEP {Figure 10 (e)} than to seen in the presence of MTP and
DTP {Figure 10 (c-d)}. The corrosion inhibition is not only due to the conjugated pi-electrons
of phenyl rings, and electron donating tendency of heteroatom; here oxygen but also due to the
occurrence of synergistic ion also assists. Further it is concluded that inhibition effect of DEP
is higher than the other studied additives.



3.6 Atomic force microscopy (AFM)

Three dimensional images of polished MS, in the absence and presence of inhibitor in studied
corrosive medium are shown in Figure 11 (a—€). The MS surface morphology was tested by
assessing roughness of specimen (RMS) and these values are tabulated in Table 6. The RMS
values of plane sample (Figure 11 a) and sample in acidic corrosive solution (Figure 11b)
were find out to be as 112.8 and 648.2nm, respectively. Noticeably showing that the
roughness of the 0.5 N H,SO, exposed metal surface is very high and it shows an uneven
surface having rough lots due to extensive corrosion. Further it is observed that in the
presence of MTP, DTP and DEP mitigation of corrosion take place. The images depicted in
Figures 11 (c-e) shows that the inhibitors are forming protect. e layers on the MS surface
with adsorption as limited corrosion products formed after a {ditio>n of 10 M inhibitors [52,
53]. The values of RMS are presented in Table 6 for MTP, TP and DEP (184.3, 167.6 nm
and 141.2 nm) at 10™ M, respectively, the trends obtaii.~d give the confirmationof increased
corrosion inhibition abilities of these inhibitor, and ‘*he . lightly better protection of DEP in
comparison to MTP and DTP.

3.7 Quantum chemical (QC) calculation

In the light of experimental results for the selection of good inhibitor for MS, the quantum
chemical calculations have been carncd out by using the Hyperchem 8.0 software and
structures optimization by semi-empi icl AM1 Method to substantiate the above information
at the electronic level. Optimize.' geometries of inhibitors (Ball and stick model), mulliken
charges, Enowmo, the energy of 1.'ghest occupied molecular orbital (E_umo), the energy of
lowest unoccupied moler_'ai Zrbital are shown in Figures 12-14, the gap energy (4E), the
dipole moment (W) rvee c2iculated for the MTP, DTP and DEP inhibitors, respectively and
tabulated in Table 7. E; o tells the susceptibility of the inhibitor molecules towards hitting
by nucleophiles and frequently related to electron affinity (A). Smaller the E, ymo values are
the more will be the electron gaining tendencies of inhibitors. Eqomo is linked with electron
contributing capability of inhibitor molecules and the negative of Exomo related to ionization
potential (I). The little energy difference between E_ymo and Enjomo i.e. 4E makes the
possibility of transferring of the electrons from the inhibitor molecules to the atoms of the
iron very probable [54, 55]. The potential inhibition efficiencies increase if the MTP, DTP
and DEP have higher Eqomo energies and lower E, yvo energies and small AE as reported in
Table 7.

The calculated entire atomic Mullikan’s charges for all additives MTP, DTP and DEP



molecules are depicted in Figure 12 (b), 10 (b) and Figure 14(b). By careful examination of
Figs., we reveal that the values of the electronegative charges of the oxygen, carbon atoms of
phenyl rings and ions which are present in the solution act as an active sites, whichjustify the
relationship between the donating electrons and inhibition efficiency [57,58]. The total energy
with negative sign (-70019.1, -62639.4 and -78482.6kcal/mol) clearly indicate that chalcone
compounds (MTP, DTP and DEP, respectively) are thermally stable and comparatively less

prone to break.

For the protonation of the molecules studied, the results obtained by the MarvinSketch
software show that the compound DEP is the only molecule th t is favourable for protonation
in the nitrogen atom in the acidic medium. As shown in Takic 7 what the protonation of the
DEP results in an increase of molecular reactivity, this is ‘<2’ viear, and 4E, E_ymo and total
energy values are decreased. The effect of protonat’n 1.us a negative influence on the
electrons donor power by the studied molecules tovara. the iron surface, therefore, Epomo

value are decreased.

3.8 MD simulations

Molecular dynamics (MD) simulation w 3s #pplied to evaluate the interaction and adsorption
performance of selected chalcone der *atives on the surface of Fe (110) using the Forcite
module [59]. The MD simulatior Wi~ axecuted in a 32.270* 32.270* 34.134A3 simulation
box with periodic boundary ccnditions, which was composed of the chemical species (with
inhibitory monomer + 20H,Q* + 10SO,* + 500H,0) and slab of Fe (110). The COMPASS
force field has been u-eu [60]. All systems surveyed were carried out in the presence
Andersen thermostat at 298 K, NVT ensemble, with a simulation time of 400 ps and a time
step of 1.0 fs [61].

The results of the simulation are represented in Figure 12 and reported in Table 8. The
superior and lateral views displayed in Figure 15 show that the three chalcones derivatives
adhere to the metal surface through any part of the molecular structure, covering a large area
of iron. This result confirms that the molecules studied carry several electron donor and
acceptor sites, which facilitates their adsorption on the surface of the metal substrate. This
behaviour protects the metal surface against corrosion in the H,SO, medium.

The two energy descriptors, i.e. interaction energy (E interaction) and binding energy (E pinding),



are calculated using the two equations below [62]:

Einteraction = Etotal - (Esurface+solution + Einhibitor) (13)
Ebinding = _Einteraction (14)

The values of these descriptors are shown in Table 8, where it is noted that the negative
values of the E ineraction reflect the spontaneity of the adsorption process [63]. Generally, the
minimum value of E ineraction reflects a higher interaction betws~n ¢ inhibitory molecule and
the metal surface, therefore the DEP molecule is well ve imicA this finding [64]. This shows
that this molecule is considered to be a more efficient ini.*hitor against corrosion of the steel
being investigated. This inhibitory potential is possikiy u'te to the existence of the mesomeric
donor electron group (N(CHjs),). The adsorpticn ~f =n inhibitor molecule on the metal surface
was evaluated by the E pinging Such that t:-e b.gh value of this descriptor indicates much larger
adsorption [65] The increasing order 0. E pinding IS MTP<DTP<DEP, indicating that the DEP

inhibitor is a good and very effect* e (= 1didate to best protect the metal surface.

Organic molecules carrying 1.~te, 2 atoms are able to protonate in acidic media [66]. In our
situation, the DEP molr.cuic is the only one among the studied chalcone derivatives that
protone in the nitrogen at )m in the chosen medium. Using MD simulation, we can assess the
degree of reactivity of protonated DEP with the atoms of the first layer of iron. Figure 15
represents the best adsorption configuration of protonated DEP on the Fe (110) surface. It is
clear from the side and top views that the entire structure of the DEP molecule adsorbs on the
surface of the iron, i.e. there is no change in the adsorption state compared to the neutral
form. This means that protonation does not change the conformation and configuration of the
DEP molecule, which shows that this molecule retains its molecular reactivity in relation to

the iron surface. Simulation results show that the E interaction Value (-696.721/mol) is closer to



that obtained for the neutral form of the adsorbed DEP molecule (-700.871 kJ/mol). This

indicates protonation does not affect the interaction behaviour of DEP/Fe (110) surface.

4. Mechanism of corrosion inhibition

By correlating literature with the results obtained from all techniques we can conclude that
the MTP, DTP and DEP act as mixed type of inhibitor by mitigating both anodic as well
cathodic mechanisms for MS corrosion in H,SO4 medium. This is an established fact that
organic compounds impede the metal corrosion due to adsorption on the surface. The
adsorption phenomena are mostly interpreted on the structure of the inhibitor molecule,
charge on the metal surface and the formation of metal solutic™ interface. Therefore, the
expected mechanism for the adsorption of chalcones deriva.‘vec on the MS surface can be
proposed as follows: (a) the physisorption contacts etween the protonated chalcone
molecules and SO.* ions adsorbed on MS surface {=Ictrostatic), (b) the chemisorption
behaviour of lone electron pair of heteroatoms (N ana T vacant d-orbitals of iron atoms, (c)
donor-acceptor exchanges of the m -electrons 0” 8 omatic ring of inhibitor to empty d orbital
of iron atoms.

Experimental outcomes give clear idea vt the chalcone compounds act as effective against
the mild steel corrosion in 0.5 M H,29,4. This can be explained because chalcones possess
double bonds, aromatic rings and "e’e.catoms and these electron rich centres donate their
electron density to vacant d-orbitals ¥ iron. Another possible interaction which can be denied
is interaction of protonated cha.~ones with the steel surface since MS carries positive charge
in acid solution so similar ¢i.~ro2s of protonated inhibitor and substrate repel each other.

Low degree of hydra*ior. dur to the large size of sulfate ions, so number of water molecules
attached will be less, the -efore electrostatic attractions of negatively charged end of water
dipoles attached with sulfate ions with positively charged MS surface is limited. Thus, overall
adsorption is due the combined effect of sulfate ions and inhibitor molecules. In addition,
these chalcones can adsorb on the mild steel via chemisorption, donating electrons from
nitrogen and oxygen atoms to iron surface by replacing water molecules.

5 Conclusions

Chalcone derivatives namely MTP, DTP and DEP are assessed as new and competent
inhibitors against the mild steel corrosion in 0.5 M H,SO, solution through electrochemical,
morphological and quantum chemical analysis. The results obtained from these techniques

direct to the following outcomes:



MTP, DTP and DEP show that inhibition efficiency is directly proportional to the
concentration.

MTP, DTP and DEP act effectively as a mixed type inhibitor.

Weight loss outcomes are in a good agreement with electrochemical measurements.

Langmuir adsorption (LA) isotherm is obeyed by all inhibitors. The interaction of hetero
atoms and m-electrons of phenyl rings with the mild steel surface is the main cause of
adsorption.

SEM and AFM techniques showed the retardation of corrosion with addition of inhibitor.
Experimental and theoretical results complement each other to indicate that DEP is the best

inhibitor in the series studied.
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Figurel. Molecular structure of stua.:d chalcones (a)(E)-3-(4-methoxyphenyl)-1-(p-
tolyl)prop-2-en-1-one (MTP)(b)(E)-1,o di-p-tolylprop-2-en-1-one (DTP) and (c)(E)-3-(4-
(diethylamino)phenyl)-1-(p-tolyl)proy -2 -en-1-one (DEP).
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Figure 2. Schematic diagrams for the synthetic route of the chalcones derivatives.
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Figure 3."H NMR of chalcone derivatives {3} MTP (b) DTP and (c) DEP.
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Figure 4. Effect of inhibitor concentiction on corrosion inhibition efficiency for (a) MTP (b)
DTP and (c) DEP and at 298 K
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H,SO4+ 10 M MTP, (d) MS in 0.5 M H,SO4+ 10 M DTF, anv () MS in 0.5 M H,SO, +
10 M DEP, after 24 h exposure at the x1000 magnificatic n.
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Figure 11.AFM three dimensional images of (a) plain MS surt.ce, (b) MS in 0.5 M H,SOq,
(c) MS in 0.5 M H,S04+ 10* M MTP, (d) MS in 0.5 M H,S(, . 1u™*M DTP, and (e) MS in
0.5 M H,SO,4 + 10-4 M DEP, after 24 h exposure.
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Figure 12. Computed quantum optimized structure parameters for MTP; (a) Ball and Stick
modal, (b) Mulliken charges (¢) HOMO frontier orbital energy distribution (d) LUMO
frontier orbital energy distribution.
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Figure 13. Computed quantum optii.>ized structure parameters for DTP; (a) Ball and Stick
modal (b) Mulliken charges (c) H2MC frontier orbital energy distribution (d) LUMO
frontier orbital energy distribution.
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Figure 14. Computed quantum optimized structure paramet.is ‘o1 DEP; (a) Ball and Stick
modal, (b) Mulliken charges (c) HOMO frontier orbital e\ ~rry distribution (d) LUMO
frontier orbital energy distribution.




Figure 15. Side and top views of the final adsorptior. or neutral molecules MTP (a), DTP (b)
and DEP (c) on the Fe (110) surface in solution.
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Figure 16. Side and top views of the final adsorption of DEP protonated on the Fe (110)

surface in solution (H,SQOy).

Table 1. Corrosion parameters calculated by Weight Loss method of MS in 0.5 M H,SQO, in
the presence of inhibitors MTP, DTP and DEP.

Temp. Conc. Initial Final Weight Cr IE (%)
Weight Weight F, Loss () P
K M mgcm “h
(K) (M) lw(Q) (@) (mg )
—1
H,SO,
208 0.5 12.6694 12.6573 0.712". 2.01
313 0.5 10.2678 10.2496 0191 3.18
|
328 0.5 10.3072 10.2867 | 0.0206 3.43
) N
MTP
10™ 12.5002 1. 4984 0.0018 0.30 85.12
208 10° 10.4789 | 10.4748 0.0041 0.68 66.11
L
10° 126970 | 12.6920 0.0050 0.83 58.67
10" 17 3573 11.3364 0.0029 0.48 84.81
313 10° 12,2961 12.5592 0.0069 1.15 63.87
10° | 11.6923 11.6840 0.0083 1.38 56.54
10™ 11.9770 11.9721 0.0049 0.81 76.21
328 10° 11.8921 11.8834 0.0087 1.45 57.76
10° 10.8360 10.8259 0.0101 1.68 50.97
DTP
10™ 11.1844 11.1827 0.0017 0.28 86.18
208 10° 11.4465 11.4444 0.0021 0.34 82.93
10° 11.2500 11.2468 0.0032 0.53 73.98




10" 11.4466 11.4437 0.0029 0.48 83.70

313 10° 10.9762 10.9719 0.0043 0.71 75.84
10° 10.9739 10.9682 0.0057 0.95 66.97

10" 11.0367 11.0316 0.0051 0.85 74.37

328 10° 11.6817 11.6748 0.0069 1.15 65.33
10° 11.2495 11.2404 0.0091 1.52 54.27

DEP

10" 11.1476 11.1461 0.0015 0.25 89.49

208 10° 10.7927 10.7896 0.00-1 0.52 78.17
10° 11.5253 11.5198 9.5 0.92 61.27

10" 11.5669 11.5650 | ©1.0019 0.32 88.34

313 10° 11.8665 11.861> | 0.0052 0.87 66.01
10° 12.3321 12.5258 0.0063 1.05 58.82

10" 10.7575 217522 0.0053 0.88 77.06

328 10° 115198 | 11.5111 0.0087 1.45 62.38

I
10° 10.7625 | 10.7575 0.011 1.83 52.38
Wl

Table 2. Potentiodynam?. Marization derived Corrosion parameters of MS in 0.5 M H,SO,

in the presence of M '+, L and DEP.

Temp. Conc. -Ecorr b ba leorr IE (%)
(K) (M) (mV) (mV/dec) | (mV/dec) (pA/cmZ)
H,SO4
298 0.5 473 166.1 139.5 008805.00 -
313 0.5 475 189.3 168.8 014990.0 -
328 0.5 490 212.5 172.4 18230.0 -

MTP




298 10™ 484 125.2 107.2 001207.10 86.29 0.862
107 475 111.6 99.62 001618.32 81.62 0.816
10° 458 102.0 82.84 002505.41 71.54 0.715
10™ 493 104.5 135.9 7312.25 51.21 | 0.5121
313 10° 462 118.0 76.82 8648.50 42.30 | 0.4230
10° 475 178.0 174.5 11208.0 4577 | 0.4577
10™ 501 104.5 128.7 9024.21 50.49 | 0.5049
328 10° 481 1687 | 1798 112701 3817 | 0.3817
10° 479 181.4 167.9 16670.2 08.55 | 00.085
DTP
10™ 498 119.2 91.87 |  00986.10 88.80 0.888
298 10° 492 87.68 84.e0 01183.02 86.56 0.865
10° 483 79.92 er2v 02421.00 72.10 0.721
10™ 493 104.5 235.9 04394.8 70.68 | 0.7068
313 10° 462 119.0 ‘L .37.8 06521.2 56.49 | 0.5649
10° 476 179.0 | 1465 08128.0 4577 | 0.4577
10™ 502 104.. 128.1 08551.3 53.09 | 0.5309
328 10° 473 102.7 179.8 10135.2 44.40 | 0.4440
10° 476 : 4812 176.1 13880.0 23.86 | 0.2386
DEP
10™ 49. 110.2 096.5 00589.40 93.3 0.933
298 10° 51 100.4 91.80 00724.90 91.7 0.917
10° 455 94.6 92.20 01001.20 88.6 0.886
10™ 479 165.7 169.7 04212.0 71.90 0.719
313 10° 473 167.1 178.8 06584.2 56.07 0.560
10° 467 175.6 155.5 07928.0 47.11 0.471
10 502 104.2 128.1 06551.2 64.06 | 0.6406
328 10° 473 169.7 179.8 07184.0 60.59 | 0.6059
10° 461 166.8 169.8 12630.0 30.71 | 0.3071




Table 3. Electrochemical Impedance derived Corrosion parameters of MS in 0.5 M H,SO4 in

the presence of various concentrations of MTP, DTP and DEP.

Compound Concentration | Ry (Q cm?) finax Ca (UF cm™) | IE (%)
(M)
H,SO, 0.5 4.937 2.03 15888 -
MTP 10" 46.82 17.9 190.00 89.45
10° 32.31 13.1 376.21 84.71
10 24.42 7.06 923.61 79.78
DTP 10 145.1 4R 5 24.119 96.59
10° 111.9 574 38.048 95.98
10 98.73 26.6 60.633 94.99
DEP 10 2625 83.6 7.2561 98.11
10° 8.1 74.7 10.214 97.63
10°® Ml 46.6 24.217 96.50

Table 4. Adsorption paramete. - studied for MTP, DTP and DEP at different temperatures

Temperature Kags < 15 (M) [ AG ags (kI mol™) | AH s (kI mol™) [ AS ags(IK T mol ™)
(K)
MTP
2
%8 200.34 -45.89 -108.3
313 _ ]
50.14 44,59 7818 107.2
328 11_15 _42.63 -108.3
DTP
298 333.2 47.16 -53.04
313 50.16 ~44.59 758.69
328 33.37 45.63 -62.97 52.86
DEP
298 1000 -49.88 ~47.09




313 50.07

-44.59

-63.91

-61.72

328 100.6

-48.62

-46.62

Table 5. Activation thermodynamic parameters for MS in 0.5 M H,SO, in the presence of
various concentrations of MTP, DTP and DEP

Compound Concentration (M) Eact(kJ/mol)
H,S0, 0.5 21.27
10™ 37.71
MTP 107 12.82
10° 4055
10™ | 44.34
DTP 107 o 33.35
10° i 29.18
1t 39.90
DEP 10" 35.62
- 10° 36.37

Table 6. Roughness data from AFM 1reasurements for MS surface in 0.5 M H,SO,4 without
and with 10 and 10 M concen:-atio.is of MTP, DTP and DEP.

Compound | Conc.(M) Average Area RMS (nm)

Plain MS - 112.8
H,SO, 0.5 648.2
10* 184.3

MTP
10° 412.7
10* 167.6

DTP
10° 385.2
10* 141.2
DEP 10° 317.1




Table 7. Quantum chemical parameters of studied chalcones MTP, DTP and DEP using AM;
semi-empirical method, Hyper Chem 8.0.

Parameters/Compounds=—=%  MTP DTP DEP Protonated
\l, DEP
Total energy (kcal mol™) -70019.1 -62639.4 -78482.6 -568175.437
Enowmo (eV) -8.8377 -9.0483 -8.0545 -11.302
ELumo (8V) -0.7131 -0.7407 -0.51442 -4.167
AE (eV) 8.1246 8.3076 7.54008 7.135
1 (Debye) 4.058 2.987 4.869 19.958

Table 8. Selected energy parameters in kJ/mol obtaineu from MD simulations for adsorption

of the neutral molecules on Fe (110) surface.

Systems E_ “steraction E binding
Fe(110)/MTP .203.459 653.459
Fe(110)/DTP - -645.736 645.736
Fe(110)/DEP -700.871 700.871
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Highlights

Chalcone derivatives are reported as corrosion inhibitors.
Chalcone derivatives were synthesized and characterized by NMR, MS and IR.

Electrochemical, theoretical and surface morphological techniques were used.
The results were supported by MD, SEM, AFM and QC Calculations.
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