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ABSTRACT

The corrosion inhibition of C38 steel in 1M HCI stbn by 5-(2-chlorobenzyl)-2,6-
dimethylpyridazin-3-one (CBDP) was studied at terajpge range 308-343K by weight loss
measurement. The results indicate that the stud@dpound exhibits good performance as
inhibitor for C38 steel corrosion in 1M HCI. Thehibition efficiency increases with decreasing
temperature. The outcomes show that inhibition dgikace by adsorption of the inhibitor on
metal surface. The adsorption of pyridazine takie€eg according to Langmuir's adsorption
isotherm. Kinetic parameters (activation energye-pxponential factor, enthalpy of activation
and entropy of activation) as well as thermodynamparameters (enthalpy of adsorption,
entropy of adsorption and Gibbs free energy) wetdewdated and discussed. Quantum chemical
calculations using DFT at the B3LYP/6-31G* levellodéory was further used to calculate some
electronic properties of the molecule in order szartain any correlation between the inhibitive
effect and molecular structure of 5-(2-chlorobep2y6-dimethylpyridazin-3-one.

Keywords. C38 Steel; HCljnhibition; Pyridazing Weight Loss Langmuir;DFT.

INTRODUCTION

Temperature has a great effect on the rate of nededtrochemical corrosion. In case of
corrosion in a neutral solution, the increase ohgerature has a favourable effect on the
overpotential of oxygen depolarization and the adtexygen diffusion, but it leads to a decrease
of oxygen solubility. In case of corrosion in andamedium, the corrosion rate increases with
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temperature increase because the hydrogen evolotterpotential decreases. Temperatures
effects on acidic corrosion, most often in hydrocitl and sulphuric acids, have been the object
of a large number of investigations [1-21]. It isngrally assumed that in acid corrosion the
inhibitors adsorb on the metal surface, resultm@ istructural change of the double layer and
reduced rate of the electrochemical partial reactidhe adsorption of inhibitor is influenced by
the electronic structure of the inhibiting molexulf22-24] and also by the steric factors,
aromaticity, electron density at the donor atomd also by the presence of functional groups
such as C=NH, —-N=N-, -CHO, R-OH, C=C, etc.

N-heterocyclic compound receive more and more attenin inhibitory practices to avoid
corrosion damage of metals and alloys [11, 25-2@lsorption of inhibitors creates a barrier
against aggressive ions to reach metallic surfacehe&nce reduce the corrosion rate. Inhibitor
molecules then impede by blocking the reactivessite the surface. Survey of literature shows
that pyridazine compounds are efficient inhibitorsthe corrosion of metals in acid solution [27-
33]. Thus, the inhibitory effect of 5-(2-chlorobgfz2,6-dimethylpyridazin-3-one (CBDP) on
C38 steel corrosion in 1M HCI at 308 -343 K wagdstd by weight loss as well as by quantum
chemical studies. The inhibitor adsorption mechanisas studied, and the thermodynamic
functions for the dissolution and adsorption preesswere calculated and discussed. The choice
of this compound was also based on molecular streictonsiderations, i.e., this is an organic
compound with several adsorption centres. The mtdecstructure of 5-(2-chlorobenzyl)-2,6-
dimethylpyridazin-3-one (CBDP) is as shown below:

H >

e

Figure.1 The molecular structure of CBDP.

MATERIALSAND METHODS

2.1. Materials and reagents

C38 Steekbtrips containing 0.09 wt.% P; 0.38 wt. % Si; Ovtl % Al; 0.05 wt. % Mn; 0.21 wt.

% C; 0.05 wt. % S and the remainder iron were usedgravimetric studies. Prior to all
measurements, are abraded with a series of empey fram 180 to 1200 grade. The specimens
are washed thoroughly with bidistilled water degezhand dried with acetone. The specimens
are washed thoroughly with bidistilled water degeghand dried with acetone. The aggressive
solution (1M HCI) was prepared by dilution of Antidyal Grade 37 % HCI with double-distilled
water.

2.2. Weight loss measur ements

Gravimetric measurements are carried out in a dowidlled glass cell equipped with a
thermostated cooling condenser. The solution volisnBO cni. The copper specimens used
have a rectangular form (1.6cm x 1.6cm x 0.07crhg immersion time for the weight loss is
1h.
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2.3. Quantum chemical calculations

Complete geometrical optimizations of the invedgBdamolecules are performed using DFT
(density functional theory) with the Beck’s threarameter exchange functional along with the
Lee—Yang—Parr nonlocal correlation functional (B®R)Y[34-36] with 6- 31G* basis set is
implemented in Gaussian 03 program package [37F a&pproach is shown to yield favorable
geometries for a wide variety of systems. This$ast gives good geometry optimizations. The
geometry structure was optimized under no condtraiihe following quantum chemical
parameters were calculated from the obtained opéichistructure: the energy of the highest
occupied molecular orbital (Bmo), the energy of the lowest unoccupied moleculdnitalr
(ELumo), AEgap= Enomo - ELumo, the dipole moment (p) and total energy (TE).

RESULTSAND DISCUSSION

3.1. Effect of temperature

Temperature has a great effect on the corrosiomgrhenon. Generally the corrosion rate
increases with the rise of the temperature. We Istvdied the temperature influence on the
efficiency of CBDP. For this purpose, we made weiges measurements in the range of
temperature 308-343 K, in the absence and pres¢ri@BDP at different concentrations of this
inhibitor. The corresponding data are shown in &dbl

The corrosion rate (W) was calculated from theofwlhg equation:

w = (M- m) 1)
(S 1)

where m is the mass of the specimen before corrosiontha mass of the specimen after
corrosion, S the total area of the specimen, tdmeosion time and W the corrosion rate.

With the calculated corrosion rate, the inhibitefficiency of inhibitor for the corrosion of C38
steel was obtained by using the following equalg8]j:

IE, (%) = (1—:’/\/@)x 100 )

corr

Weor and Weorr are the corrosion rate of steel samples with arihowt the inhibitor,
respectively.

The degree of surface coverage)(was calculated using equation 3 [38]:

\/VCOI'I’

MR ®
The influence of temperature on the corrosion behasvof C38 steel/acid added of by
5-(2-chlorobenzyl)-2,6-dimethylpyridazin-3-one (CBpP  at various concentrations is
investigated by weight-loss trend in the tempermtang 308-343K during 1h of immerssion.
The collected curves in Fig. 2 show the evolutioh corrosion rate (CR) with CBDP
concentration (C) at different temperatures. Figndicates that at a given CBDP concentration
the corrosion rate of steel increased with tempegatThe values of inhibition efficiency
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obtained from the weight loss for different inhdsittoncentrations and at various temperatures
in 1M HCl are given in Table 1 and Fig. 3. The results shbat the inhibition efficiency
decreases with increasing temperature indicatirag ligher temperature dissolution of steel
predominates on adsorption of CBDP at the surfiscelear that inhibition efficiency increased
with increase in inhibitor concentration. The maxmm value of inhibition efficiency (6)
obtained for 16M CBDP is 96.1% at 308 K.

Table 1. Gravimetric data of CBDP at different concentrationsin 1M HCI at different temperatures

T (K) Concentration(M) W(mg/cm®h) E, (%) €]
Blank 1.07 - -
1x10° 0.04 96.1 0.961
308 5x1( 0.05 95.2 0.952
1x10% 0.06 94.2 0.942
5x10° 0.12 88.3 0.883
Blank 1.49 - -
1x10° 0.08 94.3 0.943
313 5x1( 0.11 92.8 0.928
1x10% 0.14 90.9 0.909
5x10° 0.24 83.6 0.836
Blank 2.87 - -
1x10° 0.25 91.4 0.914
323 5x1( 0.28 90.1 0.901
1x10° 0.36 87.5 0.875
5x10° 0.65 77.2 0.772
Blank 5.21 - -
1x10° 0.68 86.9 0.869
333 5x1( 0.80 84.7 0.847
1x10% 1.06 79.6 0.796
5x10° 1.57 69.8 0.698
Blank 10.02 - -
1x10° 1.72 82.8 0.828
343 5x1( 1.92 80.8 0.808
1x10° 2.69 73.2 0.732
5x10° 4.06 59.5 0.595
4 —m— 308K
—e— 313K
—A— 323K
333K
3+ 343K
=
N
(@)]
£
r 14
O .
1\77 i~
0 B ] 2 e
O,OIOOO 0,6003 O,|0006 0|,0009
C (mol/L)

Fig 2. Variation of corrosion ratewith the concentrations of CBDP for steel in 1M HCI at different temperatures
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Fig 3. Relationship between inhibition efficiency and concentration of CBDP in 1M HCI.

3.2. Adsorption isotherm and thermodynamic parameters

Adsorption isotherms provide information about thieraction of the adsorbed molecules with
the electrode surface [39,40]. The adsorption obr@anic adsorbate at metal-solution interface
can be presented as a substitution adsorption ggdmetween the organic molecules in aqueous
solution, (Org (sol)), and the water molecules atatlic surface, (kD (ads)) [41]:

Org(sol) *nh, C)(ads)‘:’ Org (ads)+ nk, O (sc

where Org(sol) and Org(ads) are the organic spessolved in the aqueous solution and
adsorbed onto the metallic surface, respectivej@(Bds) is the water molecule adsorbed on the
metallic surface and n is the size ratio represgniie number of water molecules replaced by
one organic adsorbate. In order to obtain the esath the linear relation between degree of
surface coveraged| values © = E%/100; Table 1) and inhibitor concentration,{)Cmust be
found. Attempts were made to fit tievalues to various isotherms including Langmuinyikan,
Frumkin and Flory—Huggins. By far the best fit istained with the Langmuir isotherm. This
model has also been used for other inhibitor systgtf, 43]. According to this isotherr®, is
related to G, by:

©
E = Kads'Cinh (4)
Rearranging Eq. 4 gives:
Sm -2 g, ©)

where Kys is the equilibrium constant of the inhibitor adstosn process, & is the inhibitor

concentration an® is the surface coverage that was calculated by 3Edrhis model for

Langmuir's adsorption isotherm has been used extgsin the literatures for various
metal/inhibitor/acid solution systems [39, 41, 4}:4

A fitted straight line is obtained for the plot ©f/© versus G, with slope close to 1 as seen in
Fig. 4. The strong correlation TR 0.9999) suggests that the adsorption of inhilitothe C38
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steel surface obeyed this isotherm. This isothessuraes that the adsorbed molecules occupy
only one site and there are no interactions witleoadsorbed species [40].

The Kygs values can be calculated from the intercept lmeshe G,/©-axis. This is related to
the standard free energy of adsorptid&(,.) with the following equation 6:

AG;ds =-RTLA(55.5K,) (6)

where R is the gas constant and T is the absautedrature. The constant value of 55.5 is the
concentration of water in solution in mol/dp7].

0,0015

0,001

0,000

Ci n h/e

0,0006+

0,00034

0,0000+ . , . , . . .
0,0000 0,0003 0,0006 0,0009 0,0012

C,. (moliL)

Fig 4. Therelationship between C,,, / © and C of CBDP at various temperatures.

Calculated free energieA® 1) are given in Table 2; the negative valuesh6f .4 indicate
spontaneous adsorption of DMT onto the C38 stedhse [48] and strong interactions between
inhibitor molecules and the metal surface [49]. Gatly, values oAG 44s Up to -20 kJ mol are
consistent with physisorption, while those aroud@ kJ mof* or higher are associated with
chemisorption as a result of the sharing or trangfeelectrons from organic molecules to the
metal surface to form a coordinate [50]. In thesprd study, the estimated DG°ads values
oscillating around -40 kJ.mblindicate that the adsorption mechanism of the apatine tested
may be a mixed type of physisorption and chemisampt

ThermodynamicallyAG .4 is related to the standard enthalpy and entrdpthe adsorption
processAH ,gsandAS°,gs, respectively, via Eq. (7):

AGads=AH adS_TASad (8)

and the standard enthalpy of adsorptiAfi (¢ can be calculated according to the van‘t Hoff
equation [51]:

o

AH
Ln(K,.) =- %ds + Constan (9)
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A plot of Ln Kygsversus 1000/T gives a straight line, as showngn%: The slope of the straight
line is AH ags/R. The value ofAH 4gsis given in Table 2. Since thEH .gsvalue is negative, the
adsorption of inhibitor molecules onto the C38 kweface is an exothermic process. In an
exothermic process, chemisorption is distinguisiiexn physisorption by considering the
absolute value oiH s for the chemisorption process, it approachesKmol, while for the
physisorption process, it is less than 40 kJ /n&®@,93]. In the present case; the standard
adsorption heat -39.29@) mol* shows that a comprehensive adsorption (physicsbration)
might occur [51].AH_,. = -39.299 kJ méf found by the Van't Hoff equation, may be also

evaluated by the Gibbs—Helmholtz equation, whiatheined as follows:

G(AGadS/T) _ _AH ads 10)
oT 2
= T
Which can be arranged to give the following equatio
AG, AH
ads _ ads; A
T T )

The adsorption of inhibitor molecules is accompdrfig positive values oAS. ..

12,64
12,3—-
12,0—-
11,7—-

11,44

Ln(Ka ds)

11,1

10,8+

10,5

00029 00030 00031 00032
-1
UT (KY)

Fig 5. Therelationship between Ln(K 54 and 1/T for CBDP.

Fig. 6 shows the variation A, /T with 1/T which gives a straight line with a slope that
equalsdH_ . It can be seen from the figure thaG_, /T decreases with T/in a linear fashion.

The calculated AH_ . using the Gibbs—Helmholtz equation is -39.29476vial * for CBDP
compound, confirming the exothermic behaviour fagdtion on the steel surface, therefore, the
values of AH_ obtained by both methods are in good agreement.
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Table 2. The ther modynamic parameters of adsor ption of CBDP on the stedl surface

AGoads AHoads ASc’ads

T (K) coefficient de régression Linéaire (r) .&(L/mol) (ka/mol) (kJ/mol) (J/mol.K)
308 0.99999 235607.89  -41.960 8.64
313 0.99998 144469.84  -41.369 6.61
323 0.99998 112555.83  -42.020 -39.299 8.42
333 0.99996 66971.16  -41.884 7.76
343 0.99998 44909.51  -42.002 7.88

=  CBDP
-0,1231
< 0126
g
S 0129
A
N
=, -0,132]
ko]
o ]
2 -0,1351
-0,1381— : : : : : : :
0,0029 0,0030 0,0031 0,0032

T (K™Y

Fig 6. Relationship between AGadS/T and thereverse of absolutetemperature.

3.3. Corrosion kinetic parameters
The effect of temperature on the inhibited acid-ahetaction is very complex, because many
changes occur on the metal surface such as ragiihgtand desorption of inhibitor and the
inhibitor itself may undergo decomposition [54].€lkthange of the corrosion rate with the
temperature was studied in 1M HCI, both in absesmo@ presence of 5-(2-chlorobenzyl)-2,6-
dimethylpyridazin-3-one (CBDP).

The effect of temperature on the corrosion paran@t€38 steel in 1M HCI was studied at 308,
313, 323, 333 and 343K. The mechanism of inhibitcam be deduced by comparing the
activation energy in the presence and absenceedhthbitor. The Arrhenius plot and transition

state plot were used to determine the activatioergn(E), activation enthalpy AH_), and
activation entropy AS, ) for the corrosion of C38 steel in 1M HCI with awithout CBDP. The
activation energy can be obtained by the Arrheagusgation and Arrhenius plot:

-E
C,; = Ae e 12
NWE w
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Where & is the corrosion rate, R the gas constant, T theolate temperature, A the pre-
exponential factor. Using the logarithm:

-E
LnC, =—2+ LnA 13
Gy RT (13)

The graph of Ln (§) against 1/T gives a straight line with a slop€-&/R). Fig. 7 shows the
Arrhenius plot for C38 steel in 1M HCI with the pemce and absence of CBDP. Ea was

calculated and tabulated in Table 3. The transiiate equation was used to calculate Ak,
and AS;:

RT AS; AH;
CR:Wexp( Rajexp[— R{:"J (14)

where N is Avogadro’s number (6.02¥ifhol™) and h is Plank’s constant (6.63%f0n’kg s%).
Eq. (14) looks like an exponential multiplied byagtor that is linear in temperature. However,
the activation energy is itself a temperature ddpahquantity as follows:

E, =AH.-TAS (15)

Therefore, when all of the details are worked oé ends up with an expression that again takes
the form of an Arrhenius exponential multiplied &yslowly varying function of T. The precise
form of the temperature dependence depends upornedimtion, and can be calculated using
formulas from statistical mechanics involving thertiion functions of the reactants and of the
activated complex. Nevertheless, in order to cammyple calculations, Eq. (15) was rearranged
to become:
—-AH, R, AS
o )+[ Ln( Nh)+ } 116

Ln(C,/T) =( R

24
14
% 0-
(_2 ]
g -1
C 4
—
-4 T T T T T ! T j T
2,9 3,0 3,1 3,2 3,3
1000/T (K"

Fig. 7. Arrheniusplots of log Cg vs. /T for steel in IM HCI in the absence and the presence of CBDP at
optimum concentration.
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Ln C/T/mg.cni"h".K™

29 30 31 32 3,3
1000/T (K")

Fig. 8. Arrheniusplots of log Cr/T vs. 1/T for steel in 1M HCI in the absence and the presence of CBDP at
optimum concentration

A plot of Ln (G:/T) against 1/T should give a straight line withslape of (AH_/R) and

intercept of [Ln (R/Nh) + AS./R)], as shown in Fig. 8AH, and AS, were calculated and

tabulated in Table 3. From Table 3, the activagmergy Ea increases in the presence of the
inhibitor. Increases in Ewith the presence of CBDP indicate that a phys{e#&ctrostatic)
adsorption occurred in the first stage. CBDP isoaganic nitrogen compound that easily
protonates to give a cationic form in acid medidihe E value was greater than 20 kJ thah
both the presence and absence of the inhibitogiwtaveals that the entire process is controlled
by the surface reaction [55].

The values ofAH_and E are nearly the same and are higher in the presgitte inhibitor.
This indicates that the energy barrier of the cgioo reaction increased in the presence of the
inhibitor without changing the mechanism of dissioln. The positive values ofH, for both

corrosion processes with and without the inhibreweal the endothermic nature of the steel
dissolution process and indicate that the dissmtudif steel is difficult [11,56].

The large negative value &S, for C38 steel in 1M HCI implies that the activatemmplex is
the rate-determining step, rather than the distoaiatep. In the presence of the inhibitor, the
value of AS, increases and is generally interpreted as anasera disorder as the reactants are
converted to the activated complexes [11]. Thetpasivalues of AS, reflect the fact that the

adsorption process is accompanied by an increasatiopy, which is the driving force for the
adsorption of the inhibitor onto the steel surface.
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Table 3. The values of activation parametersfor C38 steel in 1M HCI in the absence and the presence of
different concentrations of CBDP

C M) A lent.h Linear regression coefficient (r) E, AH, AS, E,-AH,
onc (M) A (mg/cnt.h) (k3/mol) (kJ/mol) (I/mol.K)  (kd/mol)
Blank 3.0066x19® 0.99961 55.75 53.05 -72.49 2.7

10° 3.4177x16 0.99934 93.76 91.06 24.29 2.7
5x107  9.6300x16° 0.99833 89.85 87.15 13.76 2.7

10* 4.3099x16 0.99799 93.19 90.49 26.22 2.7
5x10°  5.9960x16° 0.99903 86.47 83.77 09.82 2.7

We remark that FandAH®, values vary in the same way with the inhibitor @amtration (Fig. 9
and Table 3). This result permiio verify the known thermodynamic relation betwdgnand
AH°, as shown [57]:

Eq—AHg = RT (17)

The calculate values are too close to RT is 2.m&l/This result shows the inhibitor acted
equally on Eand AH. .

94
/_\ 92_
@)
=
= 90
A4
N’

° ©
o 88
<
S
Lucs 86_
84+
0.0000 0.0003 0.0006 0.0009

C (mol/L)

Fig 9. Therelationship between E, and AH;with concentration of CBDP.

3.4. Quantum chemical calculations

Quantum chemical methods and molecular modelinignigaes enable the definition of a large
number of molecular quantities characterizing th&ctivity, shape, and binding properties of a
complete molecule as well as of molecular fragmemtd substituents. The geometry of the
inhibitor as well as the nature of its frontier ealilar orbitals, namely, the HOMO and LUMO

is involved in the activity properties of the inhidys. Therefore, in this study, quantum chemical
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calculations were performed to investigate thetiaiahip between molecular structure of this
compound and their inhibition effect. The optimizewblecular structure and the frontier
molecule orbital density distribution of the stutliemolecule are shown in Fig. 10, and the
calculated quantum chemical parametersve, ELumo, AE (ELumo - Exomo), dipole moment
(1), number of transferred electrondN(), and total energy (TE) are given in Table 4.

Frontier orbital theory is useful in predicting adstion centers of the inhibitor molecules
responsible for the interaction with surface met@ms [58, 59]. Terms involving the frontier
MO could provide dominative contribution, becau$ehe inverse dependence of stabilization
energy on orbital energy difference [58]. It hasrbeeported in the literature that the higher the
HOMO energy of the inhibitor, the greater the trefdffering electrons to unoccupied d orbital
of the metal, and the higher the corrosion inhiitefficiency. In addition, the lower the LUMO
energy, the easier the acceptance of electrons rinetal surface, as the LUMO-HOMO energy
gap decreased and the efficiency of inhibitor impb[60]. The dipole moment (i) of CBDP is
3.7649 Debye (12.56 x 18 C.m), which is higher than that ob8 (i = 6.20x10° C.m). The
high value of dipole moment probably increasesailt&orption between chemical compound and
metal surface [61]. Accordingly, the adsorptionGBDP molecules from the aqueous solution
can be regarded as a quasi-substitution processedetthe CBDP compound in the agueous
phase [CBDP(sol)] and water molecules at the eldetsurface [KD(ads)].

Analysis of Fig. 10 shows that the distributiontab enrgies HOMO and LUMO localized in
the atoms of pyridazine cycle, consequently thishes favourite sites for interaction with the
metal surface. The total energy of the CBDP is btpua-1148.129374 Kcal/mol. This result
indicated that CBDP is favourably adsorbed throtighactive centers of adsorption.

Optimized Structure HOMO LUMO

f‘ rj 8 §$

Fig. 10. Optimized structure and frontier orbital distribution of the test molecule.

I

Jd

The number of transferred electrondNj was also calculated according to Eq. (18) [&], 6
— XFe_Xinh
AN =—7=—~2m- (18)
2(/7Fe +,7inh)
where x., and y,,, denote the absolute electronegativity of iron #mel inhibitor molecule,
respectively; 7., and 77, denote the absolute hardness of iron and the itohimolecule,
respectively. These quantities are related to mledaffinity (A) and ionization potential (I)

_ | + A — | - A
X = 2 N 2
| and A are related in turn tasBmo and Eumo
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I :_EHOMO and A= - ELUMO

Values of y and n were calculated by using the values of | and Aawmtgtd from quantum
chemical calculation. The theoretical valuespf and ., are 7 and 0 eV/mol, respectively

[62]. The fraction of electrons transferred fromhiltor to the iron molecule AN) was
calculated. According to other reports [62, 63]lueaof AN showed inhibition effect resulted
from electrons donation. In this study, the CBDPFswlae donators of electrons while the C38
steel surface was the acceptor. The CBDP was bumutite C38 steel surface, and thus formed
inhibition adsorption layer against corrosion.

Table 3. Calculated quantum chemical parametersof studied inhibitor

TE AEr W AN

Compound caymoly  Erowo (BV) Buwo (8V) iy’ (Debye)  (ev)

CBDP  -1148.129374 - 6.0521  -1.2934 4758 3.7649.24279
CONCLUSION

The following conclusions may be drawn from thedgtu

» Results obtained show that pyridazine tested ifiarient inhibitor.

. Ir;hibition efficiency increases with the increageoncentration to attain 96.1% at

10°M.

« The inhibition efficiency decreased with increasitegnperature as a result of the higher
dissolution of steel at higher temperature. Theitemtd of CBDP leads to an increase of the
activation energy of the corrosion process. Thegd®n equilibrium constant (¥9 decreased

with increasing temperature. The negative valuA@f,, is a sign of spontaneous adsorption on

the metal surface.

« Kinetic and adsorption parameters were evaluatddieatussed.

« Quantum chemical parameters such asvl, Eiumo, AE (ELumo - Enomo), dipole moment
(u), number of transferred electronsNj, and total energy (TE) were found to give good
correlation with experimentally determined inhibitiefficiency.
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