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Abstract The activity of 4-[5-((4-chlorophenyl)diazenyl)-2-hydroxybenzylidenea-

mino)-1,5-dimethyl-2-phenyl-1H-pyrazole-3-(2H)-one (CDHBAP) against corrosion

of mild steel in 1 M H2SO4 solutions has been investigated by measurement of weight

loss and by potentiodynamic polarization and AC impedance studies. The results

obtained indicate that CDHBAP is a good inhibitor; its efficiency reaches 99 % at

100 ppm. Polarization studies show that CDHBAP inhibits corrosion of mild steel by

means of a mixed-mode mechanism. AC impedance results confirm adsorption of the

CDHBAP at the mild steel–acid interface. A decrease in inhibition efficiency is

observed with increasing temperature, and activation energies increase in the presence

ofCDHBAP. Physical adsorption is proposed from the trend of inhibition efficiency and

the values ofDG0
ads. Formation of a protective layer against acid attack was confirmed

by use of FT-IR and UV–visible spectroscopy, X-ray diffraction analysis, and scan-

ning electron microscopy.

Keywords Mild steel � Electrochemical techniques � FT-IR � XRD � Acid
corrosion

Introduction

Acids, for example hydrochloric acid and sulfuric acid, are commonly used as

industrial pickling, descaling, and cleaning agents for removal of undesirable oxide
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film and corrosion products [1–5]. In many industries, mild steel is a common

construction material in the fabrication of reaction vessels, pipelines in the

petroleum industry, machinery, storage tanks, and chemical batteries, etc., which

corrode easily in the presence of acids. Inhibitors are used in acid solutions to

minimize the corrosion of mild steel during the acid cleaning and descaling.

Literature survey revealed that many organic compounds have been studied to

evaluate their effectiveness as inhibitors of acid corrosion [6–9]. Heterocyclic

compounds, for example pyrazole, triazole, tetrazole, benzotriazole, benzimidazole,

and benzothiazole derivatives, have been reported to very good inhibitors for mild

steel in different media [10–17]. Among the different nitrogen and sulfur

compounds studied as inhibitors, pyrazoles are regarded as environmentally

acceptable chemicals. Many substituted pyrazole compounds have recently been

studied in considerable detail as effective corrosion inhibitors for mild steel in

acidic media [18–24]. Inhibition by these organic compounds is usually attributed to

their interaction with the mild steel surface via adsorption. Adsorption of an

inhibitor by a metal surface depends on the nature and surface charge on the metal,

the mode of adsorption, the chemical structure of the inhibitor, and the type of

electrolyte solution.

The objective of this work was to study the inhibitive effect of CDHBAP on

corrosion of mild steel in 1 M H2SO4 solution. Inhibition of corrosion by CDHBAP

was studied by measurement of weight loss, investigation of the effect of

temperature, study of potentiodynamic polarization, use of AC impedance

spectroscopy, UV–visible and FT-IR spectroscopy, X-ray diffraction (XRD)

analysis, and scanning electron microscopy (SEM). Thermodynamic and kinetic

data were also evaluated.

Experimental

Preparation of materials

Mild steel specimens of weight percentage composition C 0.05 %, Mn 0.6 %,

P 0.36 %, Si 0.03 %, and the balance Fe were mechanically cut into

2.5 cm 9 2.5 cm 9 0.4 cm pieces for study of weight loss and the effect of

temperature. Mild steel specimens of the same composition embedded in Araldite,

with an exposed area of 0.5 cm2, were used as electrodes for electrochemical

measurements. The electrodes were polished by use of a sequence of different

emery papers up to 4/0 grade, then washed with acetone, dried at room temperature,

and stored in a moisture-free desiccator until used for corrosion tests. Acid solutions

(1 M H2SO4) were prepared in triple-distilled water from AR grade H2SO4.

Synthesis of CDHBAP

The diazonium salt 5-((4-chlorophenyl)diazenyl)-2-hydroxybenzaldehyde (CPDAHP)

(2.60 g, 10 mmol) in ethanol was condensed by heating under reflux in an ethanolic

solution of 1-phenyl-2,3-dimethyl-4-aminopyrazol-5-one (4-AAP) (2.03 g, 10 mmol)
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for 3 h. The solution was left to stand at room temperature and the solid obtained was

washed with ethanol and recrystallized [25]. The molecular structure of CDHBAP is

given in Fig. 1.

Weight-loss measurements

Measurement of weight-loss is the easiest method of determination of the rate of

corrosion and of inhibition efficiency. In our study, mild steel specimens were

immersed in 1 M H2SO4 solution (100 mL) without and with the inhibitor at

different concentrations and at different temperatures (308–328 K) for 2 h. After

immersion for 2 h, the specimens were removed from the solution, rinsed with

double-distilled water, washed with acetone, dried thoroughly, and weighed. The

mass of the mild steel specimens before and after immersion was determined by use

of an analytical balance with precision of 0.1 mg. Experiments were performed in

triplicate and mass losses were averaged. The weight loss (DW) was used to

calculate the rate of corrosion (CR) and the efficiency of inhibition (IE, %):

CR mpyð Þ ¼ 534�Wb �Wa=DST ð1Þ

IE% ¼ W0 �Wið Þ=W0 � 100 ð2Þ

where Wb and Wa are the weights of the specimen before and after immersion in the

solutions tested, W0 and Wi are the weight loss (g) of mild steel in the absence and

presence of CDHBAP respectively, D is the density of mild steel (7.8 g cm-3), S is

the area of the specimen (cm2), and T is the period of immersion (h).

Electrochemical measurements

Potentiodynamic polarization measurements

A CH electrochemical analyzer, model 604D, was used to record Tafel polarization

curves. A three-electrode cell assembly was used. The working electrode (0.5 cm2

mild steel) was exposed to the acid solutions in the absence and presence of

CDHBAP. Platinum and saturated calomel electrodes (SCE) were used as counter

electrode and reference electrode, respectively. All electrochemical measurements

Fig. 1 Molecular structure of CDHBAP
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were conducted at 308 K using 100 mL electrolyte (1 M H2SO4) under stationary

conditions. Before potentiodynamic polarization (Tafel) and electrochemical

impedance spectroscopy (EIS) measurement, the electrode was immersed in test

solution at open circuit potential (OCP) for 30 min to achieve a stable state.

Potentiodynamic polarization curves were recorded from -300 to ?300 mVSCE

(versus OCP) at a scan rate of 1 mV/s. All the potentials reported were with

reference to SCE.

AC impedance measurement

This study was conducted with a CH electrochemical analyzer, model 604D. The

cell was the same as that used for polarization measurements. AC impedance

measurements were performed in the frequency range 0.1 Hz–100 kHz with a peak-

to-peak amplitude of 5 mV. The real part and imaginary parts of the cell impedance

were measured in ohms for different frequencies. The charge-transfer resistance

(Rct) and double-layer capacitance (Cdl) were calculated by use of the relationships:

Rct ¼ Rs þ Rctð Þ�Rs ð3Þ

Cdl ¼ 1=2pRctfmax ð4Þ

where fmax is the frequency at the maximum of the Nyquist plot and Rs is the

solution resistance. Each experiment was run in triplicate to check the reproduc-

ibility of the data.

Spectral and surface morphology studies

Fourier transform-infrared spectroscopy (FT-IR)

FT-IR spectra were recorded by use of a Shimadzu FTIR-8400S spectrophotometer.

The spectra of CDHBAP and the protective film formed on the mild steel surface

were recorded by carefully removing the film, mixing with a small amount of KBr

powder, and preparation of a disk.

Ultraviolet spectroscopy

UV–visible absorption spectrophotometry was performed on the prepared mild steel

specimens after immersion in acid solution (1 M H2SO4) with the optimum

concentration of inhibitor (100 ppm) at 308 K for 2 h. UV-visible spectra of pure

CDHBAP were also obtained. UV–visible absorption spectra were acquired by use

of a Jasco V 530 spectrophotometer.

X-ray diffraction and SEM characterization

The mild steel specimens were immersed in the 1 M H2SO4 solutions in the absence

and presence of the optimum concentration of corrosion inhibitor for a period of

2 h. After 2 h the specimens were removed and dried. The nature of the film formed
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on the surface of mild steel specimens was examined by use of an XRD goniometer

(Shimadzu model XRD 6000) and a scanning electron microscope (Jeol JSM 6390).

Results and discussion

Effect of inhibitor concentration

The efficiency of inhibition (%) and rate of corrosion (CR) obtained from

measurement of weight loss for different concentrations of CDHBAP at 308–328 K

are summarized in Table 1. From this table it is clear that percentage inhibition

increases with increasing concentration of CDHBAP. This indicates that surface

coverage of metal by adsorption of CDHBAP increases with increasing concen-

tration of CDHBAP. Maximum efficiency of inhibition by the compound (94.26 %

in H2SO4) is observed at a concentration of 100 ppm (optimum concentration). A

further increase of inhibitor concentration does not significantly change the

protective effect. This can be attributed to maximum adsorption of CDHBAP by the

mild steel surface. The constant efficiency above 100 ppm can be attributed to

competition for adsorption of inhibitor molecules by the metal surface (which in

100-ppm solution is completely coated by molecules) and/or return of adsorbed

CDHBAP to the bulk solution [26].

Effect of exposure time

Immersion time is an important condition which can be used to evaluate the stability

of inhibitor behavior [27]. Figure 2 shows the variation of weight loss with time for

corrosion of mild steel in 1 M H2SO4 in the absence and presence of different

concentrations of CDHBAP for 2, 6, 12, 18, and 24 h at 308 K. From the figure, it is

apparent that weight loss of mild steel increases with increasing contact time. The

rate of corrosion decreases with increasing concentration of CDHBAP, which

indicates that CDHBAP retards the rate of corrosion of mild steel in 1 M H2SO4

solutions. This inhibitor contains oxygen, nitrogen, and an aromatic ring as centers

of adsorption. At high temperature (313–328 K; plots not shown), weight loss of

mild steel is found to increase with increasing temperature, indicative of desorption

of the adsorbed protective film at high temperatures [28, 29].

Effect of temperature

Temperature is an important condition in studies of metal dissolution. The effect of

temperature on the inhibited acid–metal reaction is very complex because, many

changes may occur on the metal surface, for example rapid etching, desorption of

inhibitor, and decomposition of the inhibitor. The inhibition properties of CDHBAP

can also be explained on the basis of a kinetic model. Thermodynamic activation

data for the corrosion process were calculated by use of the Arrhenius equation

(Eq. 5) and the transition equation (Eq. 6) [30]:
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log CR ¼ logA� Ea=2:303RTð Þ ð5Þ

log CR/T ¼ log R=hNð Þ þ DS�=2:303Rð Þf g� DH�=2:303RTð Þ ð6Þ

where CR is the rate of corrosion, A is the frequency factor, T is the temperature, Ea

is the apparent activation energy, R is the molar gas constant, h is plank’s constant,

N is Avogadro’s number, DS is the entropy of activation, and DH is the enthalpy of

activation.

The Arrhenius plot of log CR versus 1/T for corrosion of mild steel in

1 M H2SO4 solution in the absence and presence of different concentrations of

CDHBAP is shown in Fig. 3.

The values of apparent activation energy (Ea) obtained from the slope, –Ea/

2.303R, of the lines and the pre-exponential factors, A, obtained from the intercept,

log A, are given in Table 2.Values of Ea ranged from 43.85 to 106.7 kJ/mol for

inhibited H2SO4 solution. In this study the apparent activation energy (Ea) increased

with increasing CDHBAP concentration, and was higher than that in the absence of

inhibitor (Table 2). This clearly indicates that adsorption of the inhibitor by the

metal surface decreases with increasing temperature [31]. Relationships between the

temperature dependence of efficiency of inhibition and Ea can be classified into

three groups, depending to the effect of temperature [32]:

1 if IE decreases with increasing temperature, Ea (inhibited solution)[Ea

(uninhibited solution);

2 if IE increases with increasing temperature, Ea (inhibited solution)\Ea

(uninhibited solution); and

3 if IE does not change with temperature, Ea (inhibited solution) = Ea (uninhib-

ited solution).

Fig. 2 Variation of weight loss with exposure time for corrosion of mild steel in 1 M H2SO4
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In this investigation, the inhibitor falls into group 1, because Ea (inhibited

solution)[Ea (uninhibited solution) and Ea increases with increasing inhibitor

concentration, which further confirms that IE (%) decreases with increasing

temperature.

Figure 4 shows the plot of log CR/T against 1/T. Straight lines were obtained

with a slope of DH*/2.303R and an intercept of log (R/Nh) ? (DS*/2.303R), from
which the values of DS* and DH* were calculated; these are included in Table 2. In

this system, the positive sign of enthalpies reflects the endothermic nature of

dissolution of steel, implying inferring that dissolution of mild steel is difficult [30,

33]. The shift toward the positive values of the entropy of activation both in the

absence and the presence of the inhibitor imply that the activated complex in the

rate determining step represents dissociation rather than association, meaning that

disordering increases on going from reactants to the activated complex [34–37]. The

results are comparable with those obtained for previously reported organic

inhibitors [23].

Fig. 3 Arrhenius plots of log CR versus 1/T for mild steel in 1 M H2SO4 and in the presence of different
concentrations of CDHBAP

Table 2 Activation data for mild steel in 1 M H2SO4 solution in the absence and presence of different

concentrations of CDHBAP

Concentration of CDHBAP (ppm) Ea (kJ/mol) A DH* (kJ/mol) DS* (J/K/mol)

0 43.85 1.00 9 108 41.20 -100.59

15 91.85 1.69 9 1015 89.21 37.74

25 93.07 2.29 9 1015 90.43 40.42

35 99.81 2.39 9 1016 97.17 59.95

70 108.46 5.12 9 1017 105.82 85.23

100 106.70 2.13 9 1017 104.06 78.34
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Adsorption isotherms

Adsorption isotherms are very important for determining the mechanism of organo–

electrochemical reaction. Adsorption is usually regarded as a process of substitution

of water molecules adsorbed at the metal–solution interface by the organic

molecules of the inhibitor. A correlation between surface coverage (h) and inhibitor

concentration (C) in the electrolyte can be represented by the Langmuir adsorption

isotherm:

C=h ¼ 1=Kads þ C ð7Þ

where C is the concentration of inhibitor (ppm), K is the adsorption–desorption

equilibrium constant, and h is the surface coverage, which is given by:

h ¼ % IE/100: ð8Þ
Straight lines were obtained when C/h was plotted against C (g/l) (Fig. 5). The

correlation coefficient (r2) was used to choose the type of isotherm that was the best

fit with the experimental data. These plots suggest that adsorption of inhibitors

(CDHBAP) by the metal surface obeys the Langmuir adsorption isotherm. From the

intercept of the straight lines, the values of Kads were calculated and are summarized

in Table 3.

The standard free energy of adsorption �DG0
ads

� �
and the equilibrium constant

(Kads) are related by the equation:

DG0
ads ¼ �RT ln 55:5� Kadsð Þ ð9Þ

Fig. 4 Transition state plots of log CR/T versus 1/T for mild steel in 1 M H2SO4 and in the presence of
different concentrations of CDHBAP
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where R is the gas constant, T is the temperature, and 55.5 is the molar concentration

of water in solution. Kads decreases with increasing temperature, showing that the

interactions between the adsorbed molecules and the metal surface are weakened

and the inhibitor molecules are easily removed. Such data explain the decrease in

the efficiency of protection with increasing temperature. The negative values of

DG0
ads clearly indicated that spontaneous adsorption of CDHBAP by the mild steel

surface was a physical process. In general, values of DG0
ads up to -20 kJ/mol are

consistent with electrostatic interaction between charged molecules and the charged

metal, i.e. physical adsorption. Values of approximately -40 kJ/mol or higher are

associated with chemisorption, which results from sharing or transfer of unshared

electron pairs or p-electrons of organic molecules with the metal surface to form a

coordinate type of bond [38, 39]. In this study, calculated values of DG0
ads were

\-20 kJ/mol, indicating that physical adsorption of the inhibitor occurred on the

metal surface. The enthalpy and entropy of adsorption are important properties for

understanding adsorption of organic inhibitors at the metal–solution interface. The

enthalpy of adsorption (DHads) is calculated by use of the van’t Hoff equation:

Fig. 5 Langmuir adsorption isotherms for adsorption of CDHBAP on mild steel in 1 M H2SO4 solution,
obtained by use of Tafel and EIS measurements at 308 K

Table 3 Thermodynamic data for adsorption of CDHBAP on mild steel in 1 M H2SO4 at different

temperatures

Temperature (K) �DG0
ads (kJ/mol) DHads (kJ/mol) -DSads (J/mol/K) R2 Kads (L/mol)

308 12.355 20.60 1.000 2.245

313 10.751 20.78 0.999 1.122

318 9.852 -75.81 20.74 0.999 0.748

323 8.635 20.79 0.999 0.449

328 8.272 20.59 0.998 0.374
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lnKads ¼ �DHads=RT þ constant ð10Þ
Figure 6 shows the straight-line of plot of ln Kads against 1/T.

The slope of this line is -DHads/R. The enthalpy of adsorption can be

approximately regarded as the standard enthalpy of adsorption (DHads) under these

experimental conditions. The standard entropy of adsorption (DSads) is obtained by

use of the basic thermodynamic equation:

DSads ¼
DHads � DG0

ads

T
ð11Þ

The calculated thermodynamic data are listed in Table 3. Values of DHads were

negative, suggesting that adsorption of the inhibitor is an exothermic process, which

means that the efficiency of inhibition is lower at high temperature, as a result of

gradual desorption of the inhibitor from the mild steel surface [28, 29]. The values

of DSads are nearly constant and negative, ranging between -20.79 and -20.59

J/mol/K at temperatures in the range 308–328 K. This behavior is explained as

follows. Before adsorption of the inhibitor molecules on the mild steel surface they

move freely (chaotically) in the bulk solution whereas on adsorption they become

distributed in an orderly fashion on the steel surface; as a result a decrease in

entropy is observed [27, 40].

Potendiodyamic polarization measurements

Potentiodynamic polarization measurements were performed to study the kinetics of

the cathodic and anodic reactions. Figure 7 shows the polarization curves for mild

steel in 1 M H2SO4 solution. It is obvious that the cathodic branch has typical Tafel

behavior. This makes it possible, as will be seen, to accurately evaluate the cathodic

Fig. 6 The relationship between ln Kads and 1/T for CDHBAP on mild steel in acid solutions
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Tafel slope (bc) and corrosion currents (icorr) by the Tafel extrapolation method. The

anodic polarization curve does not have the expected log–linear Tafel behavior over

the complete range of potential, however. The curvature of the anodic branch may

be attributed to deposition of corrosion products or impurities in the steel to form a

non-passive film [41]. Likhanova et al. [42] recently tested some synthesized ionic

liquids as inhibitors of corrosion of mild steel in sulfuric acid by use of polarization

measurements complemented with surface analysis (SEM, EDX, XRD, and

Mossbauer spectroscopy). They reported adsorption of corrosion products with

low solubility, for example iron sulfates such as melanterite, rosenite, szomolnokite,

etc., and oxyhydroxides such as goethite, which may have effect on the polarization

curve.

Therefore, because of the absence of linearity of the anodic branch, accurate

evaluation of the anodic Tafel slope by Tafel extrapolation of the anodic branch is

impossible [41, 43, 44]. There is, therefore, uncertainty and error in numerical

values of the anodic Tafel slope (ba); there may also be errors in the values of icorr,

calculated by use of software. This is why we did not introduce here icorr or ba
values determined by use of software. It has been shown that in use of the Tafel

extrapolation method, use of both anodic and cathodic Tafel regions is undoubtably

preferred to use of one Tafel region only.

However, the rate of corrosion can also be determined by Tafel extrapolation of

either the cathodic or anodic polarization curve alone. If only one polarization curve

is used, it is usually the cathodic curve which produces a longer and better defined

Tafel region (as in this work). Anodic polarization may sometimes produce

concentration effects, because of passivation and dissolution, as noted above, and

roughening of the surface which can lead to deviations from Tafel behavior. Thus

extrapolation of the cathodic Tafel region back to zero overvoltage gives the net rate

Fig. 7 Anodic and cathodic polarization curves recorded for mild steel in 1 M H2SO4 after immersion
for 2 h at 308 K
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of the cathodic reaction at the corrosion potential [45]. Consequently, it is possible

to calculate the anodic Tafel line from the experimental data shown in Fig. 7. The

Tafel line of the cathodic polarization curve is first extended from the linear region

of the Tafel line to electrode potentials below the corrosion potential. The anodic

current density ia is calculated from [45]:

inetð Þa¼ iFeð Þaþ iHð Þa
� �

� jiFejð Þcþ jiHjð Þc
� �

ð12Þ

or, simply:

ia net experimentalð Þ ¼ ia � icj j ð13Þ

where the subscripts ‘‘a’’ and ‘‘c’’ refer to the anodic and cathodic directions,

respectively. Thus, (iFe)a and (|iH|)c, refer, respectively, to anodic dissolution of Fe

and the cathodic hydrogen evolution reaction. |ic| is the cathodic current density.

Thus, the calculated anodic current density, ia, is the sum of the experimentally

observed anodic current density and the extrapolated cathodic current density. On

the basis of these calculations, a corrosion current density (icorr) of 6,025 lA/cm2

was obtained for the mild steel electrode in 1 M H2SO4 solution (Fig. 7). It is

observed from the figure that addition of CDHBAP shifts the cathodic and anodic

branches toward lower currents, probably as a consequence of the blocking effect of

the adsorbed inhibitor molecules. Electrochemical corrosion kinetic data corrosion

current density (Icorr), corrosion potential (Ecorr), cathodic and anodic Tafel slopes

(bc, ba), and inhibition efficiency (IE, %) are given in Table 4.

The efficiency of inhibition (IE, %) was calculated from Icorr values by use of the

equation:

IE % ¼
IcorrðblankÞ � IcorrðinhibitorÞ
� �

IcorrðblankÞ
ð14Þ

where Icorr(blank) and Icorr(inhibitor) are the corrosion current density without and with

inhibitor, respectively. The corrosion current density (icorr) decreases with

increasing adsorption of the inhibitor on increasing the inhibitor concentration. A

decrease in the corrosion current density with increasing the inhibitor concentration

can also be observed from the data presented in Table 4. From the table, it is clear

Table 4 Inhibition efficiency obtained from the cathodic Tafel polarization curve for mild steel in

1 M H2SO4 solutions containing different concentrations of CDHBAP at 308 K

Concentration of

CDHBAP (ppm)

-Ecorr (mV) icorr (lA/cm
2) -bc (mV/decade) -ba (mV/decade) IE (%)

0 565 6,025 205.12 108.01 –

15 517 112.01 157.09 100.04 98.14

25 489 98.30 141.15 73.16 98.36

35 527 63.63 148.23 115.31 98.94

75 523 53.70 155.05 65.28 99.10

100 492 24.36 136.25 65.14 99.59
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there is no definite trend in the shift of Ecorr values in the presence of different

concentrations of CDHBAP in 1 M H2SO4. The Tafel slopes (ba and bc) are altered

in sulfuric acid medium. According to Ferreira et al. [46] and Li et al. [47], if the

displacement in corrosion potential is more than 85 mV relative to the corrosion

potential of blank solution, inhibitor can be classified as a cathodic or anodic type.

The largest shift of Ecorr is approximately 76 mV in the anodic direction (Table 4).

On the basis of these results, CDHBAP is regarded as a mixed-type inhibitor. In

other words, addition of CDHBAP to 1 M H2SO4 reduces the anodic dissolution of

mild steel and also retards the cathodic hydrogen evolution reaction. The cathodic

curves give rise to parallel lines, suggesting that addition of CDHBAP to the cor-

rosive environment does not modify the hydrogen evolution reaction and that

reduction of H? ions at the mild steel surface follows a charge-transfer mechanism.

The adsorbed protective film of inhibitor on the mild steel surface impedes corro-

sion by blocking the reaction sites of the metal. In this way, the actual surface area

available for H? ions is reduced while the actual reaction mechanism remains

unaffected.

AC impedance measurements

The electrochemical behavior of mild steel in inhibited and uninhibited solutions

was investigated by electrochemical impedance spectroscopic measurements.

Nyquist plots for mild steel in 1 M H2SO4 solution in the absence and presence

of different concentrations of CDHBAP are shown in Fig. 8.

In this figure, high-frequency (HF) depressed semicircles can be observed. The

charge-transfer resistance (Rct) and double-layer capacitance were obtained from the

Nyquist plots, and the calculated inhibition efficiency values (IE, %) are reported in

Table 5.

Fig. 8 Nyquist plots for mild steel immersed in 1 M H2SO4 (filled squares, inset) and with different
concentration of CDHBAP at 308 K
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The inhibition efficiencies for each concentration were calculated by use of the

formula:

IE % ¼
RctðinhÞ � Rct

RctðinhÞ
� 100 ð15Þ

where Rct and Rct(inh) are the charge-transfer resistance in the absence and presence

of inhibitor, respectively. It is clear from Table 5 that the charge-transfer resistance

(Rct) increased from 3.76 to 982.2 Xcm2 in the presence of 100 ppm CDHBAP in

1 M H2SO4 solution. Values of Cdl, however, decrease with an increasing inhibitor

concentration. This decrease in Cdl is attributed to an increase in the thickness of the

electrical double layer. The increase in Rct values is attributed to the formation of an

insulating protective film at the metal–solution interface. These observations sug-

gest that CDHBAP functions by adsorption on metal surface, thereby causing a

decrease in Cdl and an increase in Rct [48]. The change in Cdl is caused by gradual

replacement of water molecules by the adsorption of inhibitor molecules at the

metal–solution interface, which leads to formation of protective film on the mild

steel surface which then retards the dissolution reaction. The efficiency of inhibition

by the inhibitor increases with increasing inhibitor concentration, because of

increased surface coverage. This layer acts as a barrier to mass and charge transfer,

retarding dissolution of the metal [49].

EIS spectra were analyzed by use of equivalent circuits (Fig. 9) which represent

single charge-transfer reactions. The circuit in Fig. 9 is an example of the classic

parallel capacitor and resistor combination. The impedance spectra are described by

semicircles in the complex plane to first approximation (Fig. 8). The semicircle is

indicative of a charge-transfer process occurring with charge-transfer resistance. A

large Rct is associated with a slowly corroding system. The semicircles are observed

to be depressed into the Z (real axis) of the Nyquist plot as a result of the roughness

of the metal surface. This behavior has been described and discussed by many

authors [50–52]. It is modeled by a power-law-dependent capacity term known as

the constant phase element (CPE). This kind of phenomenon is known as the

‘‘dispersing effect’’ [53, 54].

Considering that the impedance of a double layer does not behave as an ideal

capacitor in the presence of a dispersing effect, a CPE is used as a substitute for the

Table 5 Electrochemical impedance data for corrosion of mild steel in 1 M H2SO4 solutions containing

different concentrations of CDHBAP

Concentration of CDHBAP (ppm) Rs (Xcm
2) Rct (Xcm

2) Cdl (F/cm
2) n IE (%)

0 2.199 3.76 2.94 9 10-2 0.835 –

15 2.400 210.11 9.07 9 10-6 0.841 98.20

25 2.024 250.27 6.21 9 10-6 0.843 98.49

35 2.080 385.94 2.86 9 10-6 0.862 99.02

75 2.080 396.02 2.66 9 10-6 0.902 99.05

100 2.200 982.22 4.16 9 10-7 0.906 99.61
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capacitor in Fig. 9 to fit the impedance behavior of the electric double layer more

accurately. Constant-phase elements have been widely used to account for the

deviations caused by surface roughness. The CPE impedance (ZCPE) is obtained as:

ZCPE ¼ h�1 jxð Þn½ ��1 ð16Þ

where x is the angular frequency (x = 2pf, where f is the ac frequency), with j the

imaginary part. Depending upon the value of exponent n, h may be a resistance,

R (n = 0), a capacitance, C (n = 1), a Warburg impedance, W (n = 0.5), or an

inductance, L (n = -1) [55].

The corresponding fitting results are listed in Table 5 as a function of each

concentration.

On the basis of these observations, the equivalent circuit (Fig. 9) was used to fit

the experimental impedance data for the different concentrations. The solid curves

for all the impedance data obtained by analyzing the corresponding equivalent

circuits were close to the experimental data. The value of Cdl can be calculated for a

parallel circuit composed of a CPE (h) and a resistor (Rct) by use of the formula:

h ¼ Rct � Cdlð Þn=Rct ð17Þ
The efficiency of inhibition by CDHBAP was evaluated from the Rct values of

the impedance. The more densely packed the monolayer of the inhibitor, the larger

the diameter of the semicircle, which results in higher Rct and lower Cdl. According

to the fitting results (Table 5), Rct increases with increasing inhibitor concentration

whereas Cdl tends to decrease. A large value of Rct is associated less corrosion.

Furthermore, better protection provided by an inhibitor is associated with a decrease

in Cdl. The increasing value of n with increasing inhibitor concentration could be

explained on the basis of a reduction in surface heterogeneity, because of adsorption

of the inhibitor on the most active adsorption sites [56].

FT-IR study

FT-IR studies are conducted to determine the functional groups present in organic

compounds and the type of bonding of organic inhibitors to the metal surface [57].

Fig. 9 The equivalent circuit
used to fit the impedance data
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The FT-IR spectrum of pure CDHBAP is shown in Fig. 10a. Original absorption at

3419 cm-1 is overlapped by the strong stretching mode of N–H. The sharp peaks at

1,647 cm-1 are attributed to C=O stretching vibrations and the peaks at 3,047 cm-1

are related to C–H stretching vibrations of the aromatic ring. Bands at 1,147 and

1,327 cm-1 arise from C–N stretching of the aromatic ring. The peak at 1,461 cm-1

corresponds to the N–H bending vibration of the amide group [58]. The peak at

748 cm-1 is the C–H bending vibration of benzene.

The Fourier-transform infrared spectrum of the adsorbed protective layer formed

on the mild steel surface after immersion in 1 M H2SO4 containing CDHBAP is

Fig. 10 FT-IR spectra of (a) CDHBAP (b) surface film of the mild steel specimen immersed
in1 M H2SO4 ? CDHBAP
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shown in Fig. 10b. Comparison of Fig. 10a, b reveals that all the important peaks in

the pure compound are present in the adsorption layer on the steel surface. The band

at approximately 1,620 cm-1 is attributed to C=O stretching vibrations. The

appearance of this peak in the adsorbed layer indicates that the oxygen atom and the

carbonyl group did not contribute to the adsorption process. The broad band at

3,398 cm-1 is attributed to O–H stretching, which indicates that the protective film

contains H2O. N–H stretching vibrations are absent from the FT-IR spectrum of the

adsorbed protective layer, revealing that nitrogen and oxygen atoms are acting as

active centers in adsorption. Overall study of the results suggests that inhibitors are

adsorbed on the mild steel surface.

UV–visible spectroscopic investigation

Measurement of the absorption of monochromatic light enables quantitative

analysis of metal complexes, because adsorption is proportional to the concentration

of the absorbing species [59]. UV–visible absorption is a sensitive direct method for

spectrometric detection. The electronic absorption spectrum of CDHBAP contains

three bands in UV region as shown in Fig. 11a. The shorter wavelength peaks with

kmax at 225, 247, and 297 nm are ascribed to p–p* and n–p* transitions of the

carbonyl group and heterocyclic ring present in the inhibitor. After immersion for

2 h (Fig. 11b) the band at 247 nm completely disappears, and the change in the

position of absorption maximum (or change in absorbance) is indicative of the

formation of a complex between two species in solution. However, there is no

significant change in the shape of the spectra [60, 61]. CDHBAP can react with the

Fe2? ion by two routes, giving structures I and II (Fig. 12). Therefore, formation of

two different complexes is possible. In complex II, the six-membered ring is stable;

Fig. 11 (a) UV spectrum of pure CDHBAP. (b) Spectrum after immersion of mild steel in
1 M H2SO4 ? 100 ppm CDHBAP for 2 h at 308 K
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in complex I, however, the five membered rings formed are most stable for chelates

containing single or double bonds. Thus structure I is preferable.

XRD studies

X-ray diffraction was used to study film formation on mild steel in different test

solutions. The XRD patterns are presented in Fig. 13. The patterns obtained clearly

reveal the presence of metal and metal oxide phases [62]. When the diffraction data

for several oxides and oxy hydroxides of iron were analyzed, iron peaks appears at

2h = 45.4�, 82.9�, 99� and the peaks at 2h = 35.5�, 42.9�, 64.9� can be assigned to

oxides of iron. It is observed that the surface of the metal immersed in 1 M H2SO4

alone contains Fe3O4 and FeOOH. In the presence of CDHBAP, however, peaks

arising from oxides of iron, for example Fe3O4 and FeOOH, are absent and the iron

peaks at 2h = 45.4�, 82.9�, 99� are very intense. This is indicative of formation of

an adsorbed protective film on the surface of the metal in the presence of CDHBAP.

The results clearly prove the effect of CDHBAP on corrosion of mild steel in acid.

SEM studies

SEM micrographs, with appropriate magnification, are depicted in Fig. 14.

Figure 14a shows the finely polished surface of mild steel and the small scratches

Fig. 12 CDHBAP complexes
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which arose during abrasion. The morphology of the specimen surface in Fig. 14b

revealed that the specimen was highly damaged in the presence of 1 M H2SO4

solutions, because of direct attack by the aggressive acid. Figure 14c shows the

appearance of smooth mild steel surfaces after addition of CDHBAP to the

1 M H2SO4 solutions. It can be seen from Fig. 14c that the rate of corrosion is

reduced and the smooth surface is preserved by formation of a protective film on the

metal surface, which is responsible for inhibition of corrosion.

Mechanism of inhibition

It is well recognized that organic inhibitor molecules are adsorbed on the metal

surface. The adsorption process is affected by the chemical structure of the

inhibitors, the nature and charged surface of the metal, and the distribution of charge

over the whole inhibitor molecule. In general, owing to the complex nature of

adsorption and the inhibitive action of the inhibitor, single modes of adsorption of

the inhibitor on the metal surface are not possible. Organic inhibitor molecules may

be adsorbed by the metal surface by one or more of the following mechanisms:

1 electrostatic interaction between the charged molecules and the charged metal;

2 interaction of unshared electron pairs in the molecule with the metal;

3 interaction of p-electrons with the metal; and/or

4 a combination of these [63, 64].

The efficiency of inhibition depends on many factors, including molecular size,

heat of hydrogenation, mode of interaction, with the metal surface, formation of

metallic complexes, and the charge density on the adsorption sites [65]. The

efficiency of inhibition by CDHBAP may be attributed to the presence of electron-

Fig. 13 XRD patterns of (a) polished mild steel (b) mild steel after immersion in 1 M H2SO4 (c) mild
steel after immersion in 1 M H2SO4 in the presence of CDHBAP
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Fig. 14 SEM images of mild steel surfaces a polished mild steel b mild steel after immersion in
1 M H2SO4 c mild steel after immersion in 1 M H2SO4 ? 100 ppm CDHBAP
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rich N and O atoms and the aromatic ring. A phenyl ring, a hydroxyl group, an

amide linkage, and two electron-donating methyl groups are present in the structure

of CDHBAP. Therefore, possible reaction centers are the unshared electron pair of

heteroatoms and p-electrons of the aromatic ring. From the experimental and

theoretical results obtained, the adsorption and inhibition effect of CDHBAP in 1 M

H2SO4 solution can be explained as follows. Schiff bases may be protonated in the

acid solution as:

CDHBAP½ � þ xHþ ! CDHBAPHx½ �xþ

In aqueous acidic solutions, CDHBAP is present either as the neutral molecule or

as protonated CDHBAP (cation). Two modes of adsorption by the surface of the

metal can be considered. In one mode, neutral CDHBAP is adsorbed on the surface

of the mild steel by chemisorption involving displacement of water molecules from

the metal surface and sharing of electrons between heteroatoms such as nitrogen and

oxygen and the metal surface. The inhibitor molecules can also by adsorbed by the

mild steel surface on the basis of donor–acceptor interactions between p-orbitals of

the heterocyclic ring and vacant d-orbitals on the iron surface. In another mode,

because it is well known that the steel surface is positively charged in acid solution

[66], it is difficult for the protonated CDHBAP to approach the positively charged

mild steel surface (H3O
?–metal interface) because of electrostatic repulsion. The

protonated CDHBAP is adsorbed as a result of electrostatic interactions between the

positively charged molecules and the negatively charged metal surface. It should be

noted that the molecular structure of protonated CDHBAP is unchanged relative to

the neutral form, the N-atoms on the ring remaining strongly blocked. So when

protonated CDHBAP is adsorbs by the metal surface, coordinate bonds may be

formed by partial transfer of electrons from the hetero atoms to the metal surface.

Conclusions

The following main conclusions are drawn from this study. The efficiency of

inhibition by this inhibitor increases with increasing inhibitor concentration but

decreases with increasing temperature. Polarization curves prove that CDHBAP is a

mixed-type inhibitor. AC impedance plots indicate that charge-transfer resistance

increases and double layer capacitance decreases with addition of inhibitor.

CDHBAP is adsorbed by the mild steel surface in accordance with the Langmuir

adsorption isotherm; the negative value of the Gibbs free energy of adsorption

DG0
ads

� �
is indicative of a strong interaction between the inhibitor molecules and the

mild steel surface. FT-IR, XRD, and SEM results confirm the formation of a

protective surface layer on the mild steel surface. UV–visible studies clearly reveal

the formation of a the complex responsible for inhibition of corrosion. Weight loss,

polarization, and electrochemical impedance spectroscopy measurements are in

good agreement.
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