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ABSTRACT

(3E)-3-{[4-(phenylsulfonyl)]imino}-3,4-dihydroquirxalin-2(1H)-one (PSDQO) has been synthesized aisd it
inhibiting action on the corrosion of mild steel InM H,SQ, has been assessed by weight loss method at 303 K —
333 K. The results of the investigation show thi tompound has excellent inhibiting propertiesrfold steel
corrosion in sulphuric acid. Inhibition efficienégcreases with increase in the concentration ofittigbitor. The
adsorption of the inhibitor was tested for Langmudiemkin, Flory-Huggin’'s and El-Awady isotherm gmaved
physical adsorption. Quantum chemical calculatiovese employed to give further insight into the nasi$m of
inhibitive action of the inhibitor.

Keywords: adsorption isotherm, activation energy, mild stgahntum chemical study, energy gap

INTRODUCTION

Mild steel is considered as one of the excellelotyalof iron. It has wide application in industrigsd structural uses
due to its superior mechanical properties. Gengratlild steel undergoes corrosion in processes sgclacid
pickling, industrial cleaning, acid descaling, will acidizing, and petrochemical processes [1A4]d solutions are
commonly used in the chemical industry to remové stiales from metallic surfaces. The majority bé twell-
known acid corrosion inhibitors are organic commaithat contain nitrogen, sulphur or oxygen atoBis the
inhibition efficiency generally increases in theder O < N < Shecause of their increasing tendencfotm a
coordinationbond. The inhibitors having more thae deteroatom showbetter corrosion inhibition imparison to
those possessingjust one of them. Among such toengyiquinoxaline derivatives have been reporteéffisient
corrosion inhibitor for different metal environmesytstems like mild steel (MS) [6-8], copper [9-1ddybon [12,13]
etc. in different acidic media. These compoundsaligdormvery thin and persistent adsorbed filmsthe metal
surface, causing a decrease in the corrosion yatetérding anodic, cathodic, or both reactiond.[14

In the present investigation, a comparative stufiyhe inhibitive characteristics of (3E)-3-{[4-(phgsulfonyl)]
imino}-3, 4-dihydroquinoxalin-2(1H)-one (PSDQO) dhe corrosion of mild steel in 1 M ,BQO,was studied.
Weight loss measurements have been employed tomdetethe inhibition efficiency in order to accorngbl the
possible mechanism of inhibition. The corroded aridbited metal surfaces have been characterizeschyning
electron microscopy (SEM). The structural correlatiof the inhibition efficiency of PSDQO has beamtlier
ascertained using density functional theory (DFT).

MATERIALS AND METHODS

2.1 Materials and Methods

Cold rolled mild steel specimen of size 1cm x 3ci®.68cm having composition 0.084% C, 0.369% Mn29%
Si, 0.025% P, 0.027% S, 0.022% Cr, 0.011% Mo, @@ and the reminder iron were used for weighslos
measurements. For electrochemical methods, a @l sod of same composition with an exposed afea#85
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cn? was used. The specimens were polished with 160,320 and 4/0 grades of emery sheets and degredted
trichloroethylene and dried using a drier. Thegdawere kept in a desiccator to avoid the absarmtfonoisture.

2.2. Synthesis of the inhibitor
Synthesis of 1,4-dihydroquinoxaline-2,3-dione atsdderivative were reported by R. V. Ghadage araimed J.

Shirote [15].
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Figure 1: IR Spectrum of PSDQO

(3E)-3-{[4-(phenylsulfonyl)]imino}-3,4-dihydroquinoxalin-2(1H)-one (PSDQO) :Yield= 95%, Melting Point =
183 °C, dirty white, IR Spectrum/¢m™) : 1676.21 (C=N); 1724.44 (C=0); 1219.08 (C-N).

2.3Evaluation of inhibition efficiency by weight lass method
The initial weight of the polished mild steel platef size 1cm x 3cm x 0.08cm was taken. The soiatisere taken

in a 100 ml beaker and the specimens were suspendeglicates into the solution using glass haokare was
taken to ensure the complete immersion of the spati After a period of 3 hours the specimens wensoved,
washed with distilled water, dried and weighed.rfrtie initial and final masses of the plates (before and after
immersion in the solution) the loss in weight wadcalated. The experiment was repeated for varinh#bitor
concentrations in 1M $0O,. A blank was carried out without inhibitor.

The inhibition efficiency, corrosion rate and sgdacoverage were calculated from the weight losslt® using the
formulas,

(Weightlosswithoutinhibitor - Weightlosswith inhibitor)
Weightlosswithoutinhibitor

X100

Efficiencyof inhibitor=
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534X Weightloss(g)
Density XArea(cm) X Time (hr)

CorrosionRate=

( Weightlosswithoutinhibitor - Weightlosswith inhibitor))
Weightlosswithoutinhibitor

SurfaceCoverage =

To study the effect of temperature, the above mhoee was carried out at different temperature rarge (313-
333K) using thermostat with the inhibitor concetitna of 10mM.Activation energy ({, Free energy of adsorption
( G°), Enthalpy and Entropy H°& S°) were calculated using the formulas,

() 10gCR = — 8 4]ogA
2.30:RT

(i) K =— exp-—Cads
55.5 RT

where K = [from Langmuir equation], - Surface coverage of the inhibitor, C- concergrabf inhibitor

c(1- )
in mM/100ml

RT s - W
(iii) CR=——exp—exp——
Nh R RT

h — Planck’s constant, N - Avogadro number, Tosdlute temperature, R - Universal gas constant.

2.4 Surface morphology

Mild steel specimen of dimensions 3 cm X 1 cm X8dn were immersed in 1M .80, in the absence and
presence of inhibitors with optimum concentration 3 hours. The specimens were removed, washeddigtitied
water and dried. The chemical composition of thyeidormed was analyzed with an EDS coupled witiMSEing
Biomedical Research Microscope (Mumbai, India).

2.5 Quantum chemical studies

DFT method is very much useful for the Quantum raeatal calculations of energies, geometries ancatiimal
wave numbers of organic chemical system. The gnadierrected density functional theory (DFT) wittetthree
parameter hybrid functional Becke3 (B3) for theteatge part and the Lee—Yang—Parr (LYP)correlatimetional,
calculations have been carried out in the presewgstigation, using 6-311G(d,p) basis sets with $Siun-03
program, invoking gradient geometry optimizatioti. tAe parameters were allowed to relax and alldhieulations
converged to an optimised geometry, which corredpdn true energy minima.

RESULTS AND DISCUSSION

3.1 Weight loss measurements

Data derived from the weight loss study such agylteioss, inhibitor efficiency, surface coveragel aorrosion
rate are listed in Tablel. It can be seen fromThble 1 that inhibition efficiency increases andresion rate
decreases with increasing the concentration ofirthiitor. The inhibitor shows maximum inhibitiorffieiency
upto 85.94% at 10 mM concentration. Figure 1 shawglot of percentage inhibition efficiency with the
concentration of inhibitor, indicating that the iibition efficiency increases with increasing thencentration of the
inhibitor. The inhibitive properties of PSDQO is imig due to the interaction between electrons l# two
aromatic rings of the quinoxaline and the free paif electrons of S, N and O atoms with the poalyivcharged
metal surface.
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weight loss measurement at 304C

Inhibition Efficiency (%)
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: Inhibition :
Name of the Inhibitor | Concentration (mM) Weight loss Efficiency Surface Coverage CO"OS'S” Ij‘\iate
() (%) ) (g cn*hr™)
BLANK - 0.2212 - - 21.92
0.5 0.0986 55.42 0.7006 9.77
1 0.0929 58.00 0.7331 9.21
25 0.0905 59.08 0.9349 5.71
PSDQO 5 0.0517 75 0.9686 5.12
7.5 0.0495 76.63 0.9811 491
10 0.0311 85.94 1 4.58
I PSDQO

Table 1: Inhibition efficiencies of various concentations of the inhibitor PSDQO for corrosion of mild steel in 1M HSO, obtained by

Concentration (mM)

Figure 2: Plot of inhibition efficiency (%) Vs cone@ntration (mM) for the inhibition of corrosion of mild steel in 1M H,SO,

3.2 Effect of temperature

Temperature plays an important role in understanttie inhibitive mechanism of the corrosion procdssassess
the temperature effect, experiments were perforate803 - 333K in uninhibited and inhibited solusocontaining
different concentrations of the inhibitor and tlegrosion rate was evaluated as presented in Table 2

Table 2: Inhibition efficiencies of 10mM concentraton of the inhibitor PSDQO for corrosion of mild steel in 1M H,SO, obtained by

weight loss measurement at higher temperature

- Temperature | Weight loss | Inhibition Efficiency | Corrosion rate

Name of the Inhibitor 2
(K (9) (%) (g cmihr™)

303 0.0619 - 18.40

313 0.1152 - 34.25

BLANK 323 0.2247 - 66.81
333 0.4762 - 141.58

303 0.0499 26.29 14.84

313 0.0994 23.24 29.55

PSDQO 323 0.1986 2138 59.05
333 0.4329 13.78 128.71

A plot of log of corrosion rate obtained by weidbés measurement versus 1/T gave a straight litie n@gression
coefficient (R=0.9977) close to unity, as shown in Figure 3. Wakie of apparent activation energy, (Eis
computed from the slope of the straight line astkti in Table 3. It is evident from Table 3 that &pparent energy
of activation increased on addition of PSDQO in panmson to the uninhibited solution. The increasethe
apparent activation energy suggests physical atisorgncrease in the activation energy is due tieerease in the
adsorption of inhibitor on mild steel surface bgrease in the temperature. This decrease in adsoregads to
increase in corrosion rate due to the greater epearface area of the mild steel towards 1)8®] solution [16].
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Figure 3: Arrhenius plot Figure 4: Transition state plot

Figure 4 shows a plot of log (Corrosion Rate/T)iagla(1000/T). Straight lines are obtained withlape of (-
H°/2.303R) and an intercept of (log R/Nh &° (2.303R)) from which the values oH®° and S° are calculated
and tabulated in Table-1. The values & lower than 43.2 kJmd) which attributed with physical adsorption and

if the values equal 100 kJmigwhich indicate adsorption is chemical adsorpti@h[1

The values of S° in the presence and absence of the inhibitersnagative. This implies that the activation
complex is the rate-determining step representgspe@ation rather than dissociation, indicating #haecrease in
disorder takes place on going from reactant tovattd complex[18].

The G%gys values show that the inhibitor is adsorbed spatasly onto the mild steel surface. Normally, the
magnitude of G° ads around 20 kJ/mol or less negative is assufoephysisorption and those around 40 kJ/mol
or more negative are indicative of chemisorptione Values of G° ads are between these two, but modestly closer
to 20 kJ/ mol. Therefore, PSDQO is adsorbed onrtfiel steel surface predominately by a physisomptizethod
[19,20].

Table 3: Kinetics/Thermodynamic parameters of mildsteel corrosion in 1M HSO, at different temperatures

- Ea - G (kJ/mole) H - S
Name of the Inhibitor | -\ »y 35 T313 T 323 333] (ki mol?) | (ki mol?)
BLANK 56.86 | - : - - 2013 | 0.1406
PSDQO 60.10] 2405 2530 2584 2507 2495 01252

3.3 Adsorption isotherm

The adsorption isotherm gives information aboutriattions between the inhibitor and the mild stegface. The
e ciency of PSDQO as a successful corrosion inhibitainly depends on its adsorption capacity on tle¢am
surface. It is crucial to know the mode of adsamptas well as the adsorption isotherm that can giymortant

information on the interaction between the inhibitmd the metal surface. The relationship of @rsus C is
depicted in Figure 4. The adsorption of PSDQO otahwurface obeyed the Langmuir adsorption isothdrhis

can be expressed by the following equation:

E—1+C

Kads 1)

where kg is the equilibrium constant of the adsorption psxand ‘C’ is the inhibitor concentration ands the
fraction of the surface covered. Figure 4 showsdépendence of C/ as a function of concentration C for the
inhibitors.

Temkin adsorption model is expressed by equatignT@mkin adsorption model on corrosion of mildestby
PSDQO is represented in Figure 5.

-2a
Exp = =KC @
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The relationship between the equilibrium constafjt ¢f adsorption and the free energy of adsorptioBggs is
given by the following expression

Gags= -2.303RT log (55.5 K) ()

The values of free energy of adsorption calculdteth equation (3) using K values obtained from Hasgmuir
adsorption and Temkin adsorption isotherm are pitesein Table-4. The values are negative and less t30
kJmol™. This implies that the adsorption of the inhibitor mild steel surface is spontaneous and confirysical
adsorption mechanism [21].

The Flory-Huggins adsorption isotherm is given thy following equation

IogE =logK +log(1- ) (4)

A plot of Iogl— against log C gave a linear relationship (Figursl®wing that Flory-Huggins isotherm model

for the inhibition of mild steel by PSDQO in 1M,80,. The values of the size parameter (y) are pos{iable 4)
which indicates that the inhibitor molecules arsatied on the mild steel surface by displacing mbaa one
water molecule [22].

The El-Awady adsorption isotherm equation is gitagn

log o - log K +ylog Cinn 5)

where G, is molar concentration of inhibitor in the bulklwion, is the degree of surface coverage, K is the
equilibrium constant of adsorption process 4 K*¥ and ‘y’ represents the number of inhibitor molesul
occupying a given active site. Value of 1/y lesathinity implies the formation of multilayer of thehibitor on the
metal surface, while the value of 1/y greater thaity means that a given inhibitor occupy more toae active
site. Curve fitting of the data to the thermodynedkinetic model is shown in Figure7. This plot gateight lines
which clearly show that the data fitted well to tketherm. The values of 1/y and,Jcalculated from the El-
Awady et al. model curve is given in Table 4. Fritra table the obtained values of 1/y is greatem tihvae showing
that the inhibitor PSDQO molecule occupies more thiae active site (which may be due to the presehs N &
O atoms in PSDQO molecule together with severaitielas). It is also seen from the table thaisecreases with
increase in temperature indicating that adsorpdbRSDQO on the mild steel surface was unfavourableigher
temperatures.[23-25].
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0.65+
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Figure 4: Langmuir adsorption model Figure 5: Temkin adsorption model
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Table 4: Thermodynamic parameters of adsorption othe inhibitor PSDQO on the mild steel surface at rom temperature

Langmuir Isotherm Temkin Isotherm
Name of the Inhibitor 2 1 -G 2 1 -G
R K mol It (kJ mol) R K mol It (kJ mol®)
0.9987 384.96 25.12 0.9038 611.53 26.29
Flory-Huggin's Isotherm El-Awady Isotherm
PSDQO 2 K -G K -G
RY | molit? | (@morty | 1M R | molitt | mory |
0.9949 | 1058.03 27.67 0.3231] 0.9162 204{13 10.22 8 2.5

-0.30
-0.35- 0.6
-0.40 05 " R=0.9162
-0.45- ]
-0.50 ~ 047

] <
-0.55- ; 0.3

| <]
-0.60

1 0.2
-0.65-

4 n
-0.70 0.1

1.2 ' io ' 'I:)8 ' I06 ' '04' '02' 'oo' 0.2 o] J PR T T

- - - - - - ’ ’ 04 -02 00 0.2 0.4 0.6 0.8 1.0 1.2

log /C log C
Figure 6: Flory-Huggin’s plot Figure 7: El-Awady plot

3.4. Surface Morphology

3.4.1 Scanning Electron Microscopy (SEM)

The surface morphologies of exposed mild steeMdHLSO, solutions in the absence and presence of PSDQ@O aft
12 h of immersion at room temperature were examisg SEM. The results shown in Figure 8 a,b rethed the
mild steel specimens underwent active dissolutaanindicated by the roughness of the surface irabsence of
PSDQO in both acidic environments, as expectedtdumrrosive attack of the acidic solutions. Thaek was
uniform with no evidence of selective corrosioncélized attack). In the presence of PSDQO the raugface is
seen to decrease, indicating an inhibiting effdcP8DQO on the surface of mild steel due to thenfdion of
protective layers that create a barrier for changg mass transfer, and there is slight evideneglsdrbate presence
on the metal surface.

' (@)BLANK'

200k X100 100um L 1630SEL

Figure 8: Scanning Electron Microscopy photographsn the absence and presence of the inhibitor (PSDQO
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3.5. Quantum chemical studies

Quantum chemical calculations have been widely tseudy reaction mechanisms. They have also provée a
very powerful tool for studying corrosion inhibitiomechanisms [26]. Recently, theoretical predictainthe
efficiency of corrosion inhibitors has become vpgpular in parallel with the progress in computagiohardware
and the development of efficient algorithms, whiabsisted the routine development of molecular aquant
mechanical calculations [27]. Some quantum chenpeahmeters, which are important to directly infice on
electronic interaction between metal surface ardbitor, are listed in Table 5. All these quantutmemical
parameters were obtained after geometric optintnadf the studied compound. The optimized geomé&t®MO
and LUMO are shown in Figure 9.

Table 5: The calculated quantum chemical parameterfor the inhibitor PSDQO obtained using DFT at theB3LYP/6-311G (d,p) basis set

Quantum chemical parameters PSDQO
Total energy (amu) -1559.5b
Dipole moment() 411
Eromo (€V) -6.24
ELumo (eV) -1.78
Energy gap (eV) 4.46
lonization potential (1) 6.24
Electron affinity (A) 1.78
Hardness () 2.23
Softness () 0.45
Fraction of electrons transferedy) 0.6704

According to the frontier molecular orbital theofflyMO) of chemical reactivity, transition of eleatrdgs due to
interaction between highest occupied moleculartaFiHOMO) and lowest unoccupied molecular orbfta/MO)
of reacting species. It is understood that higherE,ouo of the inhibitor, greater the ease of offeringclens to
unoccupied ‘d’ orbital of the metal, and the higlearrosion inhibition efficiency for iron in sulpho acid
solutions; in addition, as the LUMO-HOMO energy daj) decreased, interactions between the reactingjespe
become stronger and consequently efficiency ofithéitor improved.The highest value ofi&o -6.24 (eV) of
PSDQO indicates the better inhibition efficiency.

Optimized geometry

HOMO LUMO

Figure 9: Optimized geometry, HOMO and LUMO of PSDQD
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The total energy calculated by quantum chemicalhods is also a beneficial parameter. The totalggnef a
system is composed of the internal, potential, kindtic energy. Hohenberg and Kohn [28] proved that total
energy of a system including that of the many beffigcts of electrons (exchange and correlatiohénpresence of
static external potential (for example, the atomiclei) is a unique functional of the charge dgnsihe minimum
value of the total energy functional is the growtate energy of the system. The electronic chaegssity, which
yields this minimum value, is then the exact sirjaeticle ground state energy. In our study, thal tenergy of the
inhibitor PSDQO is equal to -1559.55 eV, which @evhe better inhibition efficiency.

The molecular stability and reactivity were meaduby absolute hardness and softness. The chemacdhéss
signifies the resistance towards the deformatiopatarization of the electron cloud of the atonesisi or molecules
under small perturbation of the chemical reacti@®]. The inhibitor has low hardness value=2.23 eV) and
softness value (= 0.45 eV). Normally, the inhibitor with the leastlue of global hardnessand highest value of
global softness is expected to have the highest inhibition efficig [30].

The number of electrons transferred\]) indicates the tendency of a molecule to donket®ns. The higher the
value of N, the greater is the tendency of a molecule tatorlectrons to the electron poor species. Iicéise of
corrosion inhibitors the higher value olN implies a greater tendency to interact with thetah surface. The
inhibitor PSDQO has N value of 0.6704.

Table 6: Calculated Mulliken atomic charges, Fukuifunctions and softness indices for the atoms of PEID using DFT at the B3LYP/6-
311G(d,p) basis set

g ¥

Atoms On On+1 On-1 fi" fi fe S SC
C2 0.0262 0.0875] -0.024 0.06] 0.0506 0.0560 6.0270.0228

C38 0.0185| 0.0474] -0.023]
C41 0.0287| 0.0695 -0.045

0.02§
0.04Q

0.04P0  0.0354 30.01 0.0189
0.0746  0.0%77 8B.01 0.0336

4 3
C3 0.0082| 0.0834] -0.0386 0.0752 0.0468 0.0610 8.0330.0211
C4 0.0058 | 0.0955| -0.048Dp 0.0897 0.0588 0.0718  @.0400.0242
C5 0.0286| 0.0940, -0.035P 0.0654 0.0688 0.0646  @.0290.0287
C6 0.1951 | 0.2270] 0.194¢ 0.0319 0.00p5 0.0162  0.0143.0002
C7 0.1840| 0.2004] 0.1859 0.0164 -0.0019 0.0072  @.0pZ%0.0009
C8 0.2480| 0.2678 0.195]1 0.0198 0.05P9  0.0364  0.0082.0238
C9 0.3694| 0.3907] 0.3181 0.0213 0.0513 0.0363  0.009K0231
N15 -0.2295| -0.1613 -0.2443 0.0682 0.0147  0.041503dr. | 0.0066
N16 -0.2338| -0.179Q -0.266p 0.0548 0.0326  0.0437 024¥. | 0.0147
017 -0.3051| -0.2502 -0.3642 0.0549 0.05p1  0.0%700247. | 0.0266
N18 -0.2944| -0.2179 -0.326p 0.0765 0.03R6  0.0945 034t | 0.0146
C19 -0.0312| -0.051¢ -0.044Dp -0.0204 0.01p8 -0.0P38.0092 | 0.0058
C20 0.0424| 0.0835 0.002]1 0.0411 0.04p3 0.0407 6.018.0181
c21 0.0706| 0.1270] 0.0198 0.054 0.05p8 0.0%36  @.025.0229
C24 0.1201| 0.1606f 0.0694 0.0405 0.05p7 0.0456  Q.018).0228
C25 0.1145]| 0.1581] 0.0684 0.0436  0.04p1 0.0449  6.0190.0208
Cc28 -0.3325| -0.3087 -0.3470 0.0238  0.0145 0.0191010@7. | 0.0065
S29 1.0458| 1.061J 1.0168 0.0152 0.0289 0.0221  0.006).0130
030 -0.5026| -0.4799 -0.5290 0.0228 0.02p4  0.0246 0102 | 0.0119
031 -0.5040| -0.4820 -0.5289 0.0220 0.02p0  0.0235009® | 0.0112
C32 -0.3223| -0.329¢ -0.3326 -0.00y3 0.0103  0.001H.0033 | 0.0046
C33 0.1158| 0.1303 0.078%5 0.0144 0.03y3  0.0259  6.0060.0168
C34 0.1148| 0.1287] 0.0752 0.0139 0.03p6  0.0267  Q@.0060.0178
C37 0.0192| 0.0480 -0.0248 0.029  0.0440 0.0364 30.01 0.0198

b 9

P 8

The Mulliken charge distributions of the studiedmpmunds together with the calculated Fukui indexespresented
in Table 6. The parameters were calculated for @Gntll O atoms. It has been reported that as thekdnlcharges
of the adsorbed centre become more negative, nasily ¢he atom donate its electrons to the unoezlpibital of

the metal [31]. From the Table 6, it is clear tbatbon, nitrogen and oxygen atoms have high chdegsities. The
regions of high charge densities are generallysites to which electrophiles can attach [32]. TfeeC, N and O
atoms are the active centres, which have the ststrapility to bond the metal surface.

The local reactivity of PSDQO can be analysed hydemsed Fukui functions. The condensed Fukui fanstand

condensed softness indices help to distinguish pardtof the molecule based on its distinct chehiehaviour due
to the different functional groups. Thus, the $itenucleophilic attack will be more is more whefefalue is high.

In turn, the electrophilic attack is controlled fjy The most reactive sites for nucleophilic attamkRPSDQO are C4
and N18. The most reactive sites for electrophatiack for PSDQO areC5 and C41. Table 6 shows tresssts.

The condensed local softness indicgsa®d & are related to the condensed Fukui functions. Dlallsoftness
follows the same trend of Fukui functions.
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CONCLUSION

1. The inhibitor molecule PSDQO shows very high intidni efficiency for mild steel in 1M 80,.

2. The inhibition efficiency increases with increaseoncentration but decrease with increase in tesye.

3. All the isotherms proved that the mode of adsorptibinhibitor is physical.

4. Quantum chemical studies of the PSDQO were fourmetm good agreement with the experimental results
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