Available online at www.derpharmachemica.com

Scholars Research Library FQ\@‘ma %;'
'S 2.
Scholars Research ) Cff ? 9
Der Pharma Chemica, 2015, 7(3):125-141 K o
. (http://der phar machemica.com/ar chive.html) -
==

ISSN 0975-413X
CODEN (USA): PCHHAX

2H-indeine-1,3-dione derivativesas corrosion inhibitors for C-steel-
theoretical and experimental study

A.S. Foudd’, H. A. Etman', A. El-Desoky, H. Abd El Aziz®and A. M. Metwally

'Chemistry Department, Faculty of Science, El-Mansoura University, EI-Mansoura, Egypt
2Engineering Chemistry Department, High Institute of Engineering & Technology ( New Damietta), Egypt and Al-
Qunfudah Center for Scientific Research (QCSR), Al-Qunfudah University College, Umm Al-Qura University, KSA

3Egyptian Natural Gas Company (GASCO), Talkha - Shirbin High Way, Talkha, Egypt

ABSTRACT

The influence of 2H-indeine-1, 3-dione derivatives on C- steel corrosion was studied in 1 M HCI solutions at 30°C.
Measurements were conducted using weight loss, potentiodynamic polarization, electrochemical impedance
spectroscopy (EIS) and electrochemical frequency modulation (EFM) techniques. These studies have shown that
2H-indeine-1, 3-dione derivatives are mixed-type inhibitors. Corrosion rates obtained from both EFM and EIS
methods are comparable with those recorded using Tafel extrapolation method, confirming validation of corrosion
rates measured by the latter. The inhibitive action of these 2H-indeine-1, 3-dione derivatives was discussed in terms
of blocking the electrode surface by adsorption of the molecules through the active centers contained in their
structures following Temkin adsorption isotherm. Quantum chemical method was also employed to explore the
relationship between the inhibitor molecular properties and its protection efficiency. The morphology of inhibited
and uninhibited C- steel was analyzed by scanning electron microscope (SEM) and energy dispersive X-ray
spectroscopy (EDX).

Keywords: 2H-indeine-1, 3-dione derivatives, C- steel, HHM; EIS, SEM—-EDX.

INTRODUCTION

C-steel has been extensively used under differenditions in petroleum industri€d. Aqueous solutions of acids
are among the most corrosive media and are widsdd un industries for pickling, acid cleaning ofilers,
descaling and oil wel* ®. The main problem concerning C- steel applicatianits relatively low corrosion
resistance in acidic solution. Several methods aserently to reduce corrosion of C- steel. Onswith methods is
the use of organic inhibitof§ 7). Effective inhibitors are heterocyclic compourhat haver bonds, heteroatoms
such as sulphur, oxygen and nitrod&h Compounds containing both nitrogen and chloranataan provide
excellent inhibition, compared with compounds comitay only nitrogen or chloro atonf®. Heterocyclic
compounds such as 2H-indeine-1, 3-dione derivatoags provide excellent inhibition. These molecullepends
mainly on certain physical properties of the intobimolecules such as functional groups, steritofa¢ electron
density at the donor atom and electronic structfidie molecule&® 2. Regarding the adsorption of the inhibitor
on the metal surface, two types of interactions @gponsible. One is physical adsorption which ve®
electrostatic force between ionic charges or dpakthe adsorbed species and electric charge &i/nselution
interface. Other is chemical adsorption, which im@e charge sharing or charge transfer from inbibitolecules to
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the metal surface to form coordinated types of s&t The selection of appropriate inhibitors mainlypeeds on
the type of acid, its concentration, and tempeeatur

The objective of the present investigatioris to study the corrosion inhibition of C- steiel 1 M HCI using 2H-
indeine-1,3-dione derivatives by different techmgand to propose a suitable mechanism for thbitidn process
. The surface morphology of carbon steel was exathimsing scanning electron microscopy (SEM) andgsne
dispersive X-ray (EDX).

MATERIALS AND METHODS

2.1. Chemicals and materials

Hydrochloric acid (37%), ethyl alcohol was purclth$eom Al-Gomhoria Company. Bidistilled water wased
throughout all the experiments. 2H-indeine-1, 3reialerivatives were prepared and characterizedefsed®”
(Table 1).

Table (1): Molecular structures, formulas and molealar weights of the investigated 2H-indeine-1, 3-dne derivatives

Mol. Formulas and
Comp. Structures Names Mol. Weights
o]
H
1 _ || 2- benzenesulfonyl-hydrazone-2H- CisH10N204S
N.N-SO; indene-1,3-dione 314
(o]
[+] HO™
H ©
2 —m‘a—ﬂ. 2-hyd_roxybenzohydrazone-zH-indene- Ci16H10N204
1,3-dione 294
(o]
3 e} 2-(naphthalene-2-yloxy)-aceto C21H14N204
0 CH, hydrazone-2H-indeine-1,3-dione 358
HN-C,
—N @]
O
Cl
0
4 2-(3,5-dichlorophenoxy)- C17H10N204Cl>
.NH CHz\ acetohydrazone-2H-indene-1,3-dione 377
T 0 cl
o]
o]
The composition of C- steel (weight %) is givernTable (2) :
126
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Table (2): Chemical composition of C- steel (weigi)

Element C Mn P Si Fe|
Weight (%) | 0.200] 0.35Q 0.024 0.003 rest

2.2. Methods

2.2.1. Weight loss measurements

Rectangular specimens of C-steel with dimensiohisx2.0 x 0.2 cm were abraded with different gradesmery
papers, degreased with acetone, rinsed with Hidistwater and dried between filter papers. Aftegighting
accurately, the specimens were immersed in 100 fndl B HCI with and without different concentratiors
inhibitors at 30C. After different immersion periods, the C-steamples were taken out, washed with bidistilled
water, dried and weighted again. The weight lo$sesaare used to calculate the corrosion rater(R)rny* by Eq.

(2):

R = (weight loss in gram x 8.75 x )@ DAT (1)
Where D is C- steel density in g &mA is exposed area in éniT is exposure time in hr.

The inhibition efficiency (%IE) and the degree offace coveraged)j were calculated from Eq. (2):

% IE =0 x 100 = [(R - R) / R] x 100 )
Where R and R are the corrosion rates of C- steel in Hseace and in the presence of inhibitor, respdytive

2.2.2. Electrochemical measurements

Electrochemical measurements were conducted imaectional three electrodes thermostated cell dsigensing
Gamry Potentiostat/Galvanostat/ZRA (model PCI3Q0At)platinum foil and saturated calomel electro&CE)
were used as counter and reference electrodegctesgy. The C- steel electrodes were 1x1 cm aretewvelded
from one side to a copper wire used for electriwainection. The electrodes were abraded, degreaskdnsed as
described in weight loss measuremefitse potentiodynamic curves were recorded from #0800 mV at a scan
rate 1 mV & after the steady state is reached (30 min) andplke circuit potential (OCP) was noted. The %
degree of surface coverage were calculated fron{3g.

% IE =0 x 100 = [1 — (i%/ icor)] X 100 A3)

WhereioCorr and iCorr are the corrosion current densities of uninhibaad inhibited solution, respectively.

Electrochemical impedance spectroscopy (EIS) aedrelchemical frequency modulation (EFM) experirsemére
carried out using the same instrument as beford witGamry framework system based on ESA400. Gamry
applications include software EIS300 for EIS meaments and EFM140 for EFM measurements; computsr wa
used for collecting data. Echem Analyst 5.5 Sofewaras used for plotting, graphing and fitting daES
measurements were carried out in a frequency rah@®0 kHz to 10 mHz with amplitude of 5 mV peakgeak
using ac signals at respective corrosion potenieM carried out using two frequencies 2 and 5 Hze base
frequency was 1 Hz. In this study, we use a peatioh signal with amplitude of 10 mV for both petliation
frequencies of 2 and 5 Hz.

2. 2. 3. Surface morphology

The C-steel surface was prepared by keeping tharspes for 3 days immersion in 1 M HCI in the preseand
absence of optimum concentrations of investigatzi/dtives, after abraded using different gradesméry papers
up to 1200 grit size. Then, after this immersiandj the specimens were washed gently with bidistillvater,

carefully dried and mounted into the spectromei#inout any further treatment. The corroded C-sseelaces were
examined using scanning electron microscope (SEM)X&ray diffractometer Philips (pw-1390) with Cube (Cu

Kal, | = 1.54051 A°), a scanning electron microsc(pEM, JOEL, JSM-T20, Japan).

2. 2.4. Theoretical study
Accelrys (Material Studio Version 4.4) software éprantum chemical calculations has been used.
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RESULTS AND DISCUSSION

3.1. Weight loss measurements

Figure (1) shows the weight loss—time curvestierdorrosion of C-steel in 1 M HCI in the absenceé presence of
different concentrations of compound (1). Similarves for other compounds were obtained and aresmmivn.
The data of Table (3) show that, the inhibitioricéncy increases with increase in inhibitor corication from 3 x
10° to 18 x 1 M. The maximum inhibition efficiency was achieved 18 x 10° M., therefore %IE tends to
decrease in the following order:

Compound (1) > compound (2) and compound (3) > aamgd (4)

Table (3): Variation of inhibition efficiency (% IE ) of different compounds with their molar concentraions from weight loss
measurements at 120 min immersion in 1 M HCI at 3@

Conc., | inhibition efficiency (% IE)
(M) 1
3x10° | 57.7| 54.6] 51.00 48.4
6x10° | 625] 59.4] 56.3 52.3
9x10° | 66.2 ] 63.6] 60.5 57.1
12x10° | 70.0 | 67.9] 65.3 624
15x10° | 746 | 725 70.5 66.]
18x10° | 81.5| 78.4] 74.8 704

4| —=—8Blank.

—e—3x10°M
2.0 | —~-—6x10°M
—~v—09x10°M
—e—12x10°M
—<—15x10°M
—»—18x10°M

Weight loss, mg cm
o o
IS ®
1 I 1 I 1

T T
0 30 60 90 120 150 180
Time, min

Figure (1): Weight loss-time curves for C- steel dsolution in 1 M HCI in the absence and presence different concentrations of
compound (1) at 30C

3.1.2. Adsorption isotherms

Assuming the corrosion inhibition was caused byatigorption of 2H-indeine-1, 3-dione derivativas] she values
of surface coverage for different concentration®Mtindeine-1, 3-dione derivatives in 1 M HCI wezealuated
from weight loss. From the values &¥)( it can be seen that these values increasedmdgtbasing the concentration
of 2H-indeine-1, 3-dione derivatives. Using thesd¢ues of surface coverage, one can utilize diffessisorption
isotherms to deal with experimental data. In thiglg, Temkin adsorption isotherm was found to bestsuitable
for the experimental findings. This isotherm isatésed by equation (4) as depicted from Figure (2).

280 = In (KagsC) 4)
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Where C is the inhibitor concentration,dKis the adsorption equilibrium constant and '&daterogeneous factor of
metal surface. Equilibrium constant £ of adsorption process determined using (5) cdaddfurther used to
determine free energy of adsorptia¥Gl,qs) as follows:

AG%q4s=- RT In (55.5 Kq9 (5)
Where 55.5 is the concentration of water in th&tsoh in M/L.

The thermodynamic parameters for the adsorptionga®that were obtained from the Figure is showralve (4).
The values oAG°,4s are negative and increased as the % IE increabéhwndicate that these investigated 2H-
indeine-1, 3-dione derivatives are strongly adsdrbe the C- steel surface and show the spontaméitthe
adsorption process and stability of the adsorbgelrlan the C-steel surface. Generally, valuea®¥,qs up to - 20

kJ mol* are consistent with the electrostatic interactimeen the charged molecules and the charged metal
(physical adsorption) while those more negativathd0 kJ mot involve sharing or transfer of electrons from the
inhibitor molecules to the metal surface to formoardinate type of bond (chemisorptidfi)The values 0AG°.4s
obtained were approximately equal to (61-58.2) kalmindicating that the adsorption mechanism of the 2
indeine-1, 3-dione derivatives on C- steel in 1 MIHsolution involves both electrostatic adsorptiand
chemisorptions®*?*. The thermodynamic parameters point toward botysigbrption (minor contributor) and
chemisorptions (major contributor) of the inhibgasnto the metal surface. Theg4Kfollow the same trend in the
sense that large values ofKimply better more efficient adsorption and henettdy inhibition efficiency.

0.80 —
0.75 — )
= 0.923
= 0.977
0.70 — B
i = 0.983
0.65 —f = 0.946
. 4
0.60 —
0.55 —
0.50 —
0.45

log C, M

Figure (2): Curve fitting of corrosion data for C- steel in 1 M HCI in presence of different concentrdons of 2H-indeine-1, 3-dione
derivatives to the Temkin adsorption isotherm at 8°C

Table (4): Inhibitor binding constant (K), free enagy of binding (AG°a49 and later interaction parameter (a) for the organc derivatives
for the corrosion of C-steelin 1 M HCl at 30°C

Temkin
Inhibitors a | Kx 10° | -AGCas
mol L | kJ mol*
Compound (1)| 12.2 5.01 61.0
Compound (2)| 12.0 3.88 59.4
Compound (3)| 12.3 3.04 59.0
Compound (4)| 12.1 2.02 58.2

3.1.3. Effect of temperature
The activation energies (f for the corrosion of C- steel in the absence pregence of different concentrations of
2H-indeine-1,3-dione derivatives were calculatedgi#rrhenius-type E§™:

log k = log A -E 4 2.303RT (6)
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Where A is the pre-exponential factor, k is the rednstant, £ is the apparent activation energy of the corrosion
process, R is the universal gas constant and fAeissolute temperature. Arrhenius plots of log k1/T for C-
steel in 1 M HCI in the absence and presence &drdifit concentrations of compound (1) are showplgcally in
Figure (3). The variation of log k vs. 1/T is limeane and the values of Fvere calculated from the slope of these
lines and given in Table (5). The increase ip Bith the addition of various concentrations of campds (1-4)
indicating that the energy barrier for the corrasieaction increases. It is also indicated thatwhele process is
controlled by surface reaction, since the activagéinergy of the corrosion process is larger thakJ2®ol* ?”.

Enthalpy and entropy of activatioAH’, AS') for the corrosion of C- steel in 1 M HCI were ainied by applying
the transition state Eq. (7):

k = (RT/ Nh) exp AS/R) exp (AH/RT) 7

Whereh is Planck’s constanl is Avogadro’s number. A plot of log k/T vs 1/T algave straight lines as shown in
Figure (4) for C- steel dissolution in 1 M HCI imet absence and presence of different concentratioosmpound
(1). The slopes of these lines equst-/2.303R and the intercept equal log RT/NMAS (2.303R) from which the
value of AH" andAS' were calculated and tabulated in Table (5). Froesé results, it is clear that the presence of
the tested compounds increased the activation gratges and consequently decreased the corroaterof the C-
steel. These results indicate that these testegh@onus acted as inhibitors through increasing atitm energy of
C-steel dissolution by making a barrier to mass @marge transfer by their adsorption on C-stedbser Positive
sign of the enthalpies reflects the endothermianeaof the C-steel dissolution process. All valogg ,are larger
than the analogous values/#fi” indicating that the corrosion process must invdlaegaseous reaction, simply the
hydrogen evolution reaction, associated with a ez in the total reaction volufi®. The values ofAS' in the
presence of the investigated compounds are lard@egative; this indicates that the activated cexph the rate-
determining step represents an association rdtherdissociation step, meaning that a decreasisandering takes
place on going from reactants to the activated dexify *°.

1.4
. -1.6 -
=
NE -1
"E
o
g -1.8 4
@
s ]
=
o
g 2.0
S
o ]
X
g
= -2.2 - - Blank.
- Compound (1) 2
E Compound (2) R2=;09.89942
v Compound (3) RZ=0.977
22 4 Compound (4) R?=0.933

T T T T T
3.1x10°% 3.2x10° 3.2x10° 3.3x10° 3.3x10°
1/T , K™

Figure (3): Arrhenius plots (log k vs 1/T) for C-seel in 1 M HCI in absence and presence of differembncentrations of compound (1)
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Figure (4): Transition state plots (log k/T vs 1/T)or C-steel in 1 M HCI in absence and presence dffferent concentration of compound

)

Table (5): Activation parameters of the dissolutiorof C-steel in 1 M HCI in the absence and presencé different concentrations of 2H-
indeine-1,3-dione derivatives

Inhibitor Activation Parameters
¥ AH™ -AS”
Blank k;mol* | k;mol* | J mol*K?
45.4 42.9 143.5
Compound (1) 61.1 60.3 102.3
Compound (2) 59.3 58.9 100.8
Compound (3) 58.6 58.5 99.9
Compound (4 54.4 53.¢ 95.7

3.2. Potentiodynamic polarization measurements

The cathodic and anodic polarization curves fortéglsin 1 M HCI solutiorin absence and presence of various
concentrations of the compound (1) at 30 °C arewvshim Figure.(5). Similar curves were obtained &her
compounds (not shown). The various electrochenpiaedmeters calculated from Tafel plots are givehahle (6).
The lower corrosion current densityf) values in presence of these compounds withousitgusignificant
changes in corrosion potential 4 suggest that the investigated compounds are ntieel inhibitors and are
adsorbed on the surface thereby blocking the domoseaction™. The results show also that the slopes of the
anodic and the cathodic Tafel slopgs &nd B;) were slightly changed on increasing the concéptraof the
investigated compounds. This indicates that theraea change in the mechanism of inhibition in pneseand
absence of inhibitors. The valuesQfare slightly higher than the valuesfsuggesting a cathodic action of the
inhibito;s.z;l'he higher values of Tafel slope carateibuted to surface kinetic process rather tffiigion-controlled
process™.

131
www.scholar sresear chlibrary.com



A. S. Foudaet al

Der Pharma Chemica, 2015, 7 (3):125-141

ke i’

——— gmza T

PETEY s ¥ 3

<l

-1.2

E.mvirzsSCE)

Figure (6): Potentiodynamic polarization curves forC-steel in 1 M HCI in the absence and presence different concentrations of
inhibitor (1) at 30°C

Table (6): The effect of concentration of the invegyated compounds on the free corrosion potentiaB,r), corrosion current density
(icorr), Tafel slopes & B), inhibition efficiency (% IE), and degree of surfice coverage for the corrosion of C-steel in 1 M H@t 30°C

Concentration,| icor. -Ecorr. Ba Be 9 % IE
M mA cm? | mVvs SCE| mV dec' | mV dec
Blank 753.00 453 83.2 149.0 - -
3x10° 57.90 487 90.3 94.6 0.923 | 92.3
X 1 1 461 . 129. .95 5.
) 6 x 10° 36.10 6 93.3 29.0 0.952 | 95.2
9 x 10° 17.50 471 68.3 87.8 0.976 | 97.6
12x 10° 11.00 478 87.8 82.9 0.985| 98.5
3x10° 211.00 470 80.3 141.0 0.719 | 71.9
@ 6 x 10° 89.00 473 95.3 96.3 0.881| 88.1
9 x 10° 40.20 467 107.0 98.7 0.946 | 94.6
12x 10° 31.90 492 117.0 87.0 0.957 | 95.7
3x10° 80.00 463 113.0 98.7 0.893 | 89.3
X 1 . 481 . . . .
3) 6 x 10° 69.00 8 89.2 86.0 0.908 | 90.8
9 x 10° 62.40 463 121.0 128.0 0.917| 91.7
12x 10° 20.90 477 49.4 54.8 0.972 | 97.2
3x10° 717.00 453 84.8 151.0 0.047 | 4.70
X 1 . 454 5. 141. 075 | 7.5
(4) 6 x 10° 696.00 95.3 0 0.0 0
9x10° 106.00 437 85.0 91.4 0.859 | 85.9
12x 10° 455.00 455 47.0 62.0 0.940 | 94.0

3.3. Electrochemical impedance spectroscopy (EIS)easurements

The EIS provides important mechanistic and kingtformation for an electrochemical system undegesgtigation.
Figure (6) show the Nyquist plots for C-steel inMLHCI solution in the absence and presence of wiffe
concentrations of compound (1) a®@QNyquist impedance plots exhibits a single seimtie shifted along the real
impedance (4. The Nyquist plots of compound (1) do not yipktfect semicircles as expected from the theory of
EIS, the impedance loops measured are depressédisees with their centers below the real axisiere the kind

of phenomenon is known as the “dispersing effexs” a result of frequency dispersiBfl and mass transport
resistant®! as well as electrode surface heterogeneity resuftom surface roughness, impurities, dislocations
grain boundaries, adsorption of inhibitors, forraatbf porous layer§®*° so one constant phase element (CPE) is
substituted for the capacitive element, to explhi@ depression of the capacitance semi-circle,ite g more
accurate fit. Impedance data are analyzed usingiticait in Figure (7); in which Rrepresents the electrolyte
resistance, Rrepresents the charge-transfer resistance argbtigant phase element (CPE). According to Hsu and
Mansfeld“” the correction of capacity to its real valuesdkalated from Eq. (8):
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Cai = Yo (Omay) -t (8

Where Y, is the CPE coefficientp maxis the frequency at which the imaginary part of édance €£Z) has a
maximum and n is the CPE exponent (phase shift).

The data obtained from fitted spectra are liste@iahle (7). The %IE was calculated from Eq. (9):

R° ©)
%IE =| 1-—< |x10C
R

Where R, and R; are the charge-transfer resistances with and witih@uinhibitors, respectively.

Data in Table (7) Show that; the fRalues are very small compared to thevRlues. Also; the Rvalues increase
and the calculated gvalues decrease by increasing the inhibitor comagohs, which causes an increasé a@ind
Y,. The high R values are generally associated with slower cimopdystend*'. The decrease in theyGuggests
that inhibitors function by adsorption at the méstalution interfacé*?. The inhibition efficiencies, calculated from
EIS results, show the same trend as those obtdined polarization measurements. The differencenbikition
efficiency from two methods may be attributed te tifferent surface status of the electrode in imeasurements.
EIS were performed at the rest potential, whilpararization measurements the electrode potentalpolarized to
high over potential, non-uniform current distritauts, resulted from cell geometry, solution conduisti counter
and reference electrode placement, etc., will eathe difference between the electrode area dgtuatiergoing
polarization and the total aré3.

100 — = — B lan k.
— e —3 X 10 °Mm
90 6 X 10 ° M
—~—9 X 10 °Mm
80 12 X 10 °°Mm

(Qem )

4

P T NI I I N N AT NI S

Figure (6): The Nyquist plots for corrosion of C-geel in 1 M HCl in the absence and presence of diffent concentrations of compound
(1) at 30°C
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Figure (7): The equivalent circuit model used to fithe experimental results

Table (7): Electrochemical kinetic parameters obtaied by EIS technique for in 1 M HCI without and with various concentrations of
compounds at 36C

L [inh] Rew | Ca, x 10°
Inhibitor M acn? WF cr?

Blank 0.0 40.38 200 | | -
3x10° | 212.80 2.93 0.810 81.

(1) 6 x10° | 233.40 2.48 0.826 82.6
9x10° | 245.60 2.21 0.835 83.1
12 x10° | 298.70 1.13 0.864 86.4
3x10° | 64.90 476 0.371 37.7
2 6 x10° | 149.00 3.95 0.724 724
9x10° | 195.40 1.94 0.793 79.1
12 x10° | 197.60 1.82 0.795 79.1
3x10° | 152.40 4.25 0.73§ 73.4
3) 6 x10° | 192.50 3.53 0.790  79.

9 x10° | 205.70 3.41 0.803 80.]
12 x10° | 248.50 4.05 0.837 83.7
3x10° | 74.92 6.79 0.461 46.1
(4) 6 x10° | 90.49 6.68 0553 55.3
9x10° | 110.10 8.63 0.633 63.]
12 x10° | 154.10 3.58 0.737 73.]

3.4. Electrochemical frequency modulation measurenmss

Recently electrochemical frequency modulation (ERMs used as a new electrochemical technique fiimeon
corrosion monitoring* ! EFM is a rapid and nondestructive corrosion ragasurement technique that can
directly give values of the corrosion current with@rior knowledge of Tafel constants. In corrosierearch, it is
known that the corrosion process is non-linear ature, a potential distortion by one or more sireves will
generate responses at more frequencies than theefreies of applied signal. Virtually no attenttwes been given
to the intermodulation or electrochemical frequemagdulation. However, EFM showed that this nondine
response contains enough information about theodorg system so that the corrosion current candbeulated
directly. The great strength of the EFM is the editisfactors which serve as an internal checktenwalidity of the
EFM measurement .With the causality factors theegrpental EFM data can be verified.

Figure (8) show the current response contains mdy ¢he input frequencies, but also contains freqye
components which are the sum, difference, and piettiof the two input frequencies.

The electrochemical corrosion kinetic parameterdifférent concentrations of inhibitors in 1 M H&t 30°C were
shown in Table (8). The inhibition efficiency wamuhd to increase with increasing the inhibitor @nteations. The
causality factors CF-2 and CF-3 in Table (8) amselto their theoretical values of 2.0 and 3.0peesvely
indicating that the measured data are of good tyuali

The calculated inhibition efficiency obtained frameight loss, Tafel polarization and EIS measuresiarg in good
agreement with that obtained from EFM measuremériterefore %IE tends to decrease in the followindea
compound (1) > compound (2) and compound (3) > ecamg (4)
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Figure ( 8): EFM spectra for C- steel in 1 M HCl inthe abscence and presence of 1250 of compound (1) at 30°C

Table (8): Electrochemical kinetic parameters obtaied by EFM technique for C- steel in the absence drpresence of various
concentrations of investigated compounds in 1M HCit 3°C

Comp. C‘,’\;‘C" . A mvﬁéeél B mvdec CF-2 CF-3 CR 0 % IE
Blank 470.1 88.4 943 191 3.50 214 4
3x10° 93.77 95.9 101.0 232 2.81 4289 08d0 80
) 6x10° 87.75 95.0 100.0 1.99 2.99 2009 0813 81
9x10° 57.56 107.0 115.0 192 2.74 2630 0817 87
12x10° 38.7 79.0 86.0 181 283 1768  09l7 o1
3x10° 152.97 95.9 100.5 194 2.81 72.5 0614 67
@ 6x10° 132.60 912 103.3 210 3.02 6058 0717 71
9x10° 111.70 102.7 107.8 246 2.94 51.03 0762 76
12x10° 40.04 57.2 64.8 1.90 3.02 1830 0914 o1
3x10° 158.20 114.0 132.0 1.95 3.0 7224 0.663 66
- 6x10° 114.30 111.0 124.0 172 3.40 5224 07856 75
9x10° 72.98 945 160.0 2.00 252 3339 0844 84
1ox10° 62.38 66.3 68.1 2.03 2.88 2850 0.847 86
3x10° 317.70 37.4 40.7 159 2.80 14520 0334 32
@ 6x10° 300.00 35.7 36.8 202 2.98 13730 0361 36
9x1C° 206.10 80.1 86.C 187 3.0¢ 94.1¢ | 0561 | 56.
12x10° 131.40 83.1 97.8 1.80 331 600 0740 72

FhNbPowANNRTIN®O

3.5- Scanning electron microscopy (SEM) studies
Figure (9) represents the micrograph obtained fste@l samples in presence and in absence of D8 ¥lof 2H-
indeine-1, 3-dione derivatives after exposure fodays immersion. It is clear that C-steel surfasefer from
severe corrosion attack in the blank sample. itnjgortant to stress out that when the compoundésegnt in the
solution, the morphology of C-steel surfaces igayuiifferent from the previous one, and the spenirsgrfaces
were smoother. We noted the formation of a filmakhis distributed in a random way on the whole acefof the
C-steel. This may be interpreted as due to therptisn of the 2H-indeine-1, 3-dione derivatives thie C-steel
surface incorporating into the passive film in arteblock the active site present on the C-stadghse. Or due to
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the involvement of inhibitor molecules in the irgetion with the reaction sites of C-steel surfaesulting in a
decrease in the contact between C-steel and thessijge medium and sequentially exhibited exceliemibition

effect” 48!
pure sample Blank
Compound (1) Compound (2)
Compound (3) Compound (4)

Figure (9): SEM images of C-steel in 1 M HCI solutin after immersion for 3 days without inhibitor and in presence of 18 x 16 M of
2H-indeine-1,3-dione derivatives

3.6. Energy dispersion spectroscopy (EDX) studies

The EDX spectra were used to determine the elenpeesent on the surface of C- steel and after 3 dagxposure
in the uninhibited and inhibited 1 M HCI. Figurgj shows the EDX analysis result on the compasitibC- steel
only without the acid and inhibitor treatment. TBBS analysis indicates that only Fe and oxygen wletected,
which shows that the passive film contained onlyCkeFigure (10) portrays the EDX analysis of C-sieel M
HCI only and in the presence of 1810 of 2H-indeine-1, 3-dione derivatives. The spacthow additional lines,
demonstrating the existence of C (owing to the @arbtoms of 2H-indeine-1, 3-dione derivatives). Shelata
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shows that the carbon and O atoms covered themsprcsurface. This layer is entirely owing to thailwitor,
because the carbon and O signals are absent @pdisémen surface exposed to uninhibited HCI. #teien that, in
addition to Mn, C. and O were present in the spe&rcomparable elemental distribution is showiatble (9).

Pure Sample

'y 2 4 6 8 10 19 M 1 18 0 ) 2 4 6 8 W0 12 1 6 18 2N
\ Full Scale 1692 cts Cursor. 0.000 kv Full Scale 1692 cts Cursor: 0.000 keV

Compound( 1) Compound|2)

o122 14 16 18 2 ) 2 4 6 8§ 10 1 W 6 18
keV' Fyi Scale 1692 cts Cursor: 0,000 keV

Compound 4)

) 2 4 6 8
) 2 4 6 8 10 12 14 16 8 2
Full Scale 1692 cts Cursor: 0.000 keV Full Scale 1692 cts Cursor: 0,000 KV

Figure (10): EDX analysis of C-steelin 1 M HCI dation after immersion for 3 days without inhibitor and in presence of 18x 16 M
of 2H-indeine-1,3-dione derivatives
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Table (9): Surface composition (weight %) of C-stdafter 3hrs of immersion in HCI without and with the optimum concentrations of the
studied inhibitors

(Mass %) Fe C (0] Cl Si
Pure Sample 65.24 19.21 1497 -+- 0/58
Blank 50.61| 11.54 36.86 0.90 0.09

Compound (1)| 54.57 22.61 7 0 0/45
Compound (2)] 45.37 20.34 B8 1. 041
Compound (3)| 54.71 17.14 27.08 0.50 0J57
Compound (4)| 44.64 20.81 5 1 0/53

3.7. Quantum chemical calculations

Theoretical calculations were performed for onlg theutral forms, in order to give further insightoi the
experimental results. Values of quantum chemicdlces such as energies of LUMO and HOMQd and

E umo), and energy gapE, are calculated by semi-empirical AM1, MNDO and3®methods has been given in
Table (10. The reactive ability of the inhibitor is relatém Eomo, ELumo o] Higher Eomo Of the adsorbent leads
to higher electron donating abili8’. Low E o indicates that the acceptor accepts electronsyedsie calculated
guantum chemical indices (EHOMO, ELUMO, p) of intigated compounds are shown in Table (10). The
differenceAE= E ymo-Enomo IS the energy required to move an electron fromviDto LUMO. Low AE facilities
adsorption of the molecule and thus will cause &ighhibition efficiency.

The bond gap energyE increases from compounds (1 to 4). This factarplthe decreasing inhibition efficiency
in this order (1> 2 >3 >4), as shown in Table (a@g Figure (11) Show the optimized structures ef fibur
investigated compounds. So, the calculated eneagg ghow reasonably good correlation with the iefficy of
corrosion inhibition. Table (10) also indicatesttobampound (1) possesses the lowest total eneagyntieans that
compound (1) adsorption occurs easily and is favdne the highest softness. The HOMO and LUMO etettr
density distributions of these molecules were ptbinh Figure (11) .For the HOMO of the studied coonds that
the benzene rings, N-atoms and O-atom have a &eptron density. The data presented in Table §®w that
the calculated dipole moment decrease from (1 >82>*4).

Compound HOMO LUMO

1)

@)
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@)

©)

Figure (11): The Highest Occupied Molecular Orbital HOMO) and the Lowest Unoccupied Molecular Orbital(LUMO) of the
investigated compounds

Table (10): The calculated quantum chemical propeies for investigated compounds

Compound (1) Compound (2) Compound (3 Compoupd (#

-E homo (€V) 9.567 10.139 9.077 9.652
-Eiumo (V) 1.345 1.266 1.241 1.244

AE (eV) 8.222 8.873 7.836 8.408

1 (eV) 4.111 4.437 3.91¢ 4.20¢

o (eVh) 0.243 0.225 0.255 0.238

-Pi (eV) 5.456 5.703 5.159 5.448
X(eV) 5.456 5.703 5.159 5.448
Dipole moment (Debye) 10.694 8.686 8.926 9.231

3.8. Mechanism of corrosion inhibition

Inhibition of the corrosion of C-steel in 1M HCllation by some 2H-indeine-1,3-dione derivativedésermined by
weight loss, potentiodynamic anodic polarizationamgements, electrochemical impedance Spectrosdei®)
and electrochemical frequency modulation methodERt was found that the inhibition efficiency dapds on
concentration, nature of metal, the mode of adswrpof the inhibitors and surface conditions. THeserved
corrosion data in presence of these compounds, Ipai)¥he decrease of corrosion rate and corrosiament with
increase in  concentration of the inhibitor if€eTlinear variation of weight loss with time iiih& shift in Tafel
lines to higher potential regions iv) The decreiaseorrosion inhibition with increasing temperatimeicates that
desorption of the adsorbed inhibitor molecules sgiace and v) The inhibition efficiency was shawrdepend on
the number of adsorption active centers in the oubdeand their charge density. The corrosion intabiis due to
adsorption of these compounds at the electrodetisolinterface, the extent of adsorption of anibitbr depends
on the nature of the metal, the mode of adsormifdhe inhibitor and the surface conditions. Adsimnp on C-steel
surface is assumed to take place mainly througtathiee centers attached to the inhibitor and walégdend on
their charge density. Transfer of lone pairs @cebns on the nitrogen atoms to the C-steel sarfacform a
coordinate type of linkage is favored by the preseof a vacant orbital in iron atom of low enerBglar character
of substituents in the changing part of the inbibiholecule seems to have a prominent effect orligetron charge
density of the molecule. It was concluded thatrttee of adsorption depends on the affinity of thetahtowards
the n-electron clouds of the ring system. Metals suclCasand Fe, which have a greater affinity towandsretic
moieties, were found to adsorb benzene rings latafientation. The order of decreasing the peeginhibition
efficiency of the investigated compounds in thaasive solution was as follow: (1) > (2) and (3)4).

Compound (1) exhibits excellent inhibition poweredio :,( i) its larger molecular size that may litate better
surface coverage, and (ii) the presence electrgasimg groups (2N, 40 and 1S atoms) which enhainee
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delocalized =w-electrons on the active centers of the compouremgdund (2) comes after compound (1) in
inhibition efficiency due to its lower moleculazsithan compound (1) and has 40 and 2N atoms iae aenters.
Compound (4) comes after compound (3) in inhibitédficiency due to its contain 2 Cl atom ., whidwer the
electron density on the molecule and hence, lomkgbition efficiency.
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