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ABSTRACT:

Corrosion inhibition of carbon steel in 2 M HCl by some benzohydrazide derivatives (I-III) was

studied using weight loss, potentiodynamic polarization, and electrochemical impedance spectros-

copy (EIS) techniques at 30°C. Polarization studies showed that all the investigated compounds are

of mixed type inhibitors. Temperature studies revealed a decrease in efficiency with rise in tem-

perature and corrosion activation energies increased in the presence of the hydrazide derivatives,

probably implying that physical adsorption of cationic species may be responsible for the observed

inhibition behavior. Electrochemical impedance studies showed that the presence of benzohy-

drazide derivatives decreases the double layer capacitance and increases the charge transfer resis-

tance. The adsorption of these compounds on carbon steel surface was found to obey Temkin’s

adsorption isotherm. Synergistic effects increased the inhibition efficiency in the presence of halide

additives namely KI and KBr. An inhibition mechanism was proposed in terms of strongly adsorp-

tion of inhibitor molecules on carbon steel surface.
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1. Introduction

Acid solutions are widely used in a variety of indus-

trial processes such as acid pickling, industrial acid

cleaning, acid decaling and oil well acidification,1)

which generally lead to serious metallic corrosion.

Because of the general aggressivity of acid solutions,

inhibitors are commonly used to reduce the corrosive

attack on metallic materials. Most of the well-known

acid inhibitors are organic compounds containing

nitrogen, oxygen, phosphorous, sulfur and aromatic

ring or triple bonds. It was reported before that the

inhibition efficiency decreases in the order: O < N < S

< P.2-5) In general, organic compounds are effective in-

hibitors of aqueous corrosion of many metals and

alloys. The use of chemical inhibitors to decrease the

rate of corrosion processes of carbon steels is quite

varied.6-10) A variety of organic compounds containing

heteroatoms such as O, N, S and multiple bonds in

their molecule are of particular interest as they give

better inhibition efficiency than those containing N or

S alone.11-12) Sulfur and/or nitrogen containing hetero-

cyclic compounds with various substituents are con-

sidered to be effective corrosion inhibitors. Benzo-

hydrazide derivatives offer special affinity to inhibit

corrosion of metals in acid solutions.13-16) Azoles have

been intensively investigated as effective steel corro-

sion.17-21)

The increase in inhibition efficiency of organic com-

pounds in the presence of some ions has been reported

by some authors and was ascribed to the synergistic

effect.22-24) Synergism has become a very important

effect in corrosion inhibition processes and serves as

*Corresponding author. Tel.: +2 050 2365730

E-mail address: asfouda@mans.edu.eg



62 A. S. Fouda, M. T. Mohamed, and M. R. Soltan

the basis for most modern inhibitor formulations. Kal-

man et al.
25) reported the synergistic increase in inhibi-

tion efficiency of hydroxyl-ethane-1, 1-diphosphonic

acid in the presence of divalent cations such as Zn2+.

Similar effects have been observed in the presence of

some anions, particularly halide ions. Gomma22) stud-

ied the effect of halide ions on the inhibition efficiency

of pyrazole derivatives and observed that the synergis-

tic effect increased in the order Cl− < Br− < I−. Oguzie24)

reported similar observation for the influence of halide

ions on the inhibitive action of some organic dyes.

Zhang et al.
26) reported the synergistic effect of iodide

ions on the efficiency of benzotriazole. Fouda et al.
27)

also reported the synergistic effect of some anions on the

inhibition efficiency of p-thiazolidinone derivatives.

The present study aimed to investigate the inhibiting

effect of some new benzohydrazide derivatives on car-

bon steel corrosion in 2 M HCl solution using chemi-

cal and electrochemical techniques. The effect of

temperature as well as the synergistic effect of halide

additives on the inhibition efficiency has also been

studied. Kinetic and activation parameters that govern

metal corrosion have been evaluated.

2. Experimental Details

2.1. Material

Prior to all measurements, the sheet samples (0.200%

C, 0.350% Mn, 0.024% P, 0.003% Si and Fe balance)

were abraded with a series of emery papers from 400

to 1200 grades. The specimens were washed thor-

oughly with bidistilled water, degreased with acetone

and air dried. The solutions were prepared by dilution

of analytical grade 37% HCl with bidistilled water in

the absence and presence of inhibitors in the concen-

tration range from 3×10-5 to 15×10-5 M. All the experi-

ments were performed at 30±1oC.

2.2. Inhibitors

The inhibitors (benzohydrazide derivatives) were

synthesized by following the literature procedure12) by

reacting equimolecular mixture of the respective alde-

hyde and hydrazide in 100 ml boiling ethanol. The

mixture was refluxed on water bath for 2-6 hrs and the

solution was evaporated to about its half volume, left

to cool where crystals were separated out. These were

filtered off, recrystallized from ethanol and finally

dried in vacuum desiccator over anhydrous CaCl2. The

benzohydrazide derivatives structures were confirmed

by elemental analysis, IR and NMR spectroscopy and

are shown in Table 1.

2.3. Weight loss measurement

The weight loss experiments were performed at 30,

35, 40, 45, 50 and 55±1oC with different concentra-

tions of inhibitor. The optimized immersion time is 3 h.

The results of weight loss experiments are the mean of

three runs, each with a fresh specimen (2 cm × 2 cm ×

0.2 cm) and 100 mL of fresh acid solution. The inhibi-

tion efficiency (% IE) and surface coverage (θ) were

calculated using the following equation:

% IE = θ × 100 = [1 − (∆Winh /∆Wfree)] × 100 (1)

where ∆Winh and ∆Wfree are the weight losses per

unit area in presence and absence of the inhibitor,

respectively.

2.4. Potentiodynamic polarization measurements

Electrochemical polarization experiments were car-

ried out in a traditional three-electrode glass cell with a

capacity of 250 ml. A platinum sheet and a saturated

calomel electrode (SCE) were used as a counter and

reference electrodes, respectively. The working elec-

trode was in the form of a square cut from carbon steel

with surface area 1 cm × 1 cm. Before each experi-

ment, the working electrode was polished mechani-

cally, washed with acetone, rinsed several times with

bidistilled water and dried. All tests have been per-

formed with freshly polished electrode in dearated test

solution. A time interval of about 30 minutes was

Table 1. The names, structures, molecular weights and mole-

cular formulae of the investigated benzohydrazide deriva-

tives

Name Structure
Molecular weight & 

Molecular formula

(I) (E)-N'-((furan-2-

yl) methylene)-2-

methyl benzohy-

drazide

C13H12N2O2

228.3

(II) (E)-N'-((furan-

2-yl) methylene)-2-

hydroxy benzohy-

drazide

C12H10N2O3

230.2

(III) (E)-2-chloro-

N'-((furan-2-yl) 

methylene) benzo-

hydrazide

C12H9ClN2O2

248.7
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given for the system to attain a steady state and the

open circuit potential (OCP) was noted. The cathodic

and anodic polarization curves were recorded at 300

mV ± OCP by a sweep rate of 2 mV s-1. The linear

Tafel segments of the anodic and cathodic curves were

extrapolated to the corrosion potential to obtain the

corrosion current densities. The inhibition efficiency

(% IE) values were calculated from icorr as follows:28)

% IE = [1 − (icorr / i
o
corr)] × 100 (2)

where io
corr and icorr correspond to uninhibited and

inhibited corrosion current densities, respectively.

2.5. AC impedance (EIS) studies

EIS experiments were carried out in the range of 100

kHz to 10 mHz at amplitude perturbation of 5 mV,29)

using IM6e system (Zahner Elektrik, Germany) and

personal computer. The impedance diagrams are given

in Nyquist representation. Values of the charge trans-

fer resistance (Rct) were obtained from these plots by

determining the difference in the values of impedance

at low and high frequencies. The double layer capaci-

tance (Cdl) and the frequency at which the imaginary

component of impedance is maximal (−Zmax) are found

as follow:

Cdl = (1/2πfmax Rct) (3)

The inhibition efficiency and the surface coverage

(θ) obtained from the impedance measurements are

defined by the following equation:

% IE = θ × 100 = [1 × (R°
ct/Rct)] × 100 (4)

where Ro
ct and Rct are the charge transfer resistance

in the absence and presence of inhibitor, respectively.

3. Results and Discussion

3.1. Weight loss method

Weight loss of carbon steel, in mg cm−2 of the sur-

face area, was determined at various time intervals in

the absence and presence of different concentrations

(3×10−5-15×10−5 M) of the benzohydrazide derivatives

(I-III). Fig. 1 shows the variation of the weight loss as

a function of time, when the test pieces of carbon steel

were allowed to react with 2 M HCl in presence of

inhibitor (I). The curves obtained in the presence of

different concentrations of inhibitors fall significantly

below that of free acid. Similar behaviors were ob-

tained for the other inhibitors (not shown). It is obvi-

ous that the weight loss varied linearly with immersion

period in plain acid and inhibited acid, showing that

the absence of insoluble product on carbon steel sur-

face.30) Values of % IE are tabulated in Table 2. In all

cases, the increase in the inhibitor concentration was

accompanied by a decrease in the weight loss and an

increase in % IE. These results lead to the conclusion

that, these compounds under investigation are fairly

efficient inhibitors for carbon steel dissolution in HCl

solution. Careful inspection of these results showed

that, at the same inhibitor concentration, the ranking of

the inhibitors according to % IE is as follows: I > II > III.

3.1.1. Synergistic effect

The effect of addition 1×10−2 M KI and KBr on the

corrosion rate of carbon steel in the absence and pres-

ence of different concentrations of inhibitors (I-III) in

2 M HCl solutions was investigated using weight loss

method. Results of % IE of KI obtained are summa-

rized in Table 2. It was observed from these results

that these additives improved the % IE significantly.

The synergistic parameters were calculated using the

relationship initially given by Aramaki and Hacker-

Fig. 1. Weight loss-time curves for carbon steel dissolution

in 2 M HCl in the absence and presence of different con-

centrations of inhibitor (I) at 30oC.
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man and reported elsewhere:31)

(5)

where: θ1+2 = (θ1 + θ2) − (θ1θ2)

θ1 = the degree of surface coverage by the anions, θ2

= the degree of surface coverage by the cations, θ1+2 =

measured surface coverage by both anions and cat-

ions. Sθ approaches 1 when no interaction between the

inhibitor molecules exists, while Sθ > 1 points to a

synergistic effect. In the case of Sθ < 1, the antagonis-

tic interaction prevails.

Values of Sθ are summarized in Table 3. These val-

ues are more than unity, suggesting that the phenome-

non of synergism exists between the inhibitor mole-

cules and these halides. Aramaki32,35) has proposed

two kinds of joint adsorption (competitive and cooper-

ative) to explain the synergistic action observed bet-

ween an anion and a cation.36) For competitive adsorp-

tion, the anion and cation are adsorbed at different

sites on the electrode surface and for cooperative

adsorption, the anion is chemisorbed on the surface

and the cation is adsorbed on the layer of the anions.

The two types of adsorption are represented schemati-

cally in Fig. 2 and can be characterized by a synergis-

tic factor (Sθ) calculated as above.

The synergistic inhibitive effect brought about by

combination of the inhibitors with KI and KBr for the

corrosion of carbon steel in 2 M HCl can be explained

as follows: The strong chemisorption of X ions (I or

Br) on the metal surface is responsible for the syner-

gistic effect of these ions, in attraction with protonated

inhibitor.37) X ions are adsorbed on the anodic sites on

the metal surface. Surface charge is changed to nega-

tive by the specific adsorption of these ions resulting

in the joint adsorption of anions with the inhibitor cat-

ions. The inhibitors are believed to be adsorbable, not

only on the cathodic sites by coulombic attraction

using the charge of the protonated molecule, but also

on the anodic sites by virtue of donation of the elec-

tron-pair on the nitrogen atom of the unprotonated

molecule,34) therefore, interference adsorption can take

place at the anodic sites.

3.1.2. Adsorption isotherm

Assuming the corrosion inhibition was caused by

the adsorption of hydrazide derivatives, and the values

of surface coverage for different concentrations of

inhibitors in 2 M HCl were evaluated from weight

loss. From the values of (θ), it can be seen that these

values increased with increasing the concentration of

benzohydrazide derivatives. Using these values of sur-

face coverage, one can utilize different adsorption iso-

therms to deal with experimental data. The Temkin

adsorption isotherm was applied to investigate the

adsorption mechanism, by plotting (θ) vs. log C, and

straight lines were obtained (Fig. 3). On the other

hand, it was found that kinetic- thermodynamic model

S
θ

1 θ
1+2

–

1 θ'
1+2

–
---------------------=

Table 2. Inhibition efficiency (% IE) of carbon steel at 90

min immersion in 2 M HCl in the presence of different con-

centrations of investigated additives at 30ºC

Conc., M
% IE

(I) (II) (III)

3×10-5 69.5 (79.3)* 62.4 (71.3) 57.8 (66.1)

5×10-5 71.6 (82.4) 66.8 (74.5) 60.4 (96.1)

7×10-5 75.5 (84.8) 69.2 (77.3) 64.7 (72.3)

9×10-5 78.1 (87.2) 72.3 (80.3) 66.5 (75.4)

12×10-5 79.4 (90.0) 75.3 (83.4) 68.3 (79.6)

15×10-5 82.3 (92.1) 78.4 (86.5) 71.9 (81.5)

*The values between brackets are the % IE in presence of 1×10-2

M KI.

Table 3. Synergism parameter (Sθ) for different concentrations

of inhibitors for carbon steel dissolution in 2 M HCl with addi-

tion of 1×10-2 M KI at 30oC

Conc., M
Synergism parameter (Sθ)

(I) (II) (III)

3×10-5 1.2 1.0 1.1

5×10-5 1.1 1.2 1.1

7×10-5 1.0 1.0 1.2

9×10-5 1.1 1.3 1.0

12×10-5 1.2 1.3 1.1

15×10-5 1.3 1.1 1.0

Fig. 2. Schematic representations of (a) competitive and (b)

cooperative adsorption of the anions (X) and cations (A+)

on carbon steel surface in acid solutions.
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of El-Awady et al.
38) can be applied (Fig. 4). This mo-

del has the formula:

log (θ/1 – θ) = log K' - y log C  (6)

The equilibrium constant of adsorption K = K'(1/y),

where 1/y is the number of the surface active sites

occupied by one compounds molecule and C is the

bulk concentration of the inhibitor.

The thermodynamic parameters of the adsorption

process obtained from these Figures are shown in

Table 4. The values of ∆Go
ads are negative and

increased as the % IE increased which indicate that

these investigated compounds are strongly adsorbed

on the C- steel surface and show the spontaneity of the

adsorption process and stability of the adsorbed layer

on the carbon steel surface. Generally, values of ∆Go
ads

up to −20 kJ mol−1 are consistent with the electrostatic

interaction between the charged molecules and the

charged metal (physical adsorption) while those more

negative than −40 kJ mol−1 involve sharing or transfer

of electrons from the inhibitor molecules to the metal

surface to form a coordinate type of bond (chemisorp-

tions).39) The values of ∆Go
ads obtained were approxi-

mately equal to −53±1 kJ mol−1, indicating that the

adsorption mechanism of the benzohydrazide deriva-

tives on carbon steel in 2 M HCl solution involves both

electrostatic adsorption and chemisorptions.40) The

thermodynamic parameters point toward both phys-

isorption (major contributor) and chemisorptions (mi-

nor contributor) of the inhibitors onto the metal sur-

face. The values of Kads follow the same trend in the

sense that large values of Kads imply better more effici-

ent adsorption and hence better inhibition efficiency.41)

3.1.3. Effect of temperature

The activation energies (E*a) for the corrosion of

carbon steel in the absence and presence of different

Fig. 3. Curve fitting of corrosion data for carbon steel in

2 M HCl in presence of different concentrations of organic

additives to the Temkin adsorption isotherm at 30oC.

Fig. 4. Curve fitting of corrosion data for carbon steel in

2 M HCl in presence of different concentrations of organic

additives to the kinetic model at 30oC.

Table 4. Inhibitor equilibrium constant (K), free energy of ad-

sorption (∆Go
ads.), number of active sites (1/y) and the inter-

action parameter (a) for inhibitors additives at 30ºC

Inhibi-

tors

Kinetic model Temkin model

l/y
K,

M
−1

-∆G0
ads.

kJ mol
−1 a

K,

M
−1

-∆G0
ads.

kJ mol
−1

(I) 4.30 0.999 62.0 14.00 73.0 64.1

(II) 3.23 0.883 55.4 13.55 68.4 60.3

(III) 3.070 0.676 53.2 13.36 16.9 52.9
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concentrations of benzohydrazide derivatives were

calculated using Arrhenius-type equation:42)

log k = log A - E*a / 2.303RT (7)

where A is the pre-exponential factor, k is the rate

constant, E*a is the apparent activation energy of the

corrosion process, R is the universal gas constant and

T is the absolute temperature. Arrhenius plots of log k

vs. 1/T for carbon steel in 2 M HCl in the absence and

presence of different concentration of inhibitors (I) are

shown graphically in Fig. 5. The variation of log k vs.

1/T is a linear one and the values of E*a were calcu-

lated from the slope of these lines and given in Table

5. The increase in E*a with the addition of concentra-

tion of inhibitors (I-III) indicating that the energy bar-

rier for the corrosion reaction increases. It is also

indicated that the whole process is controlled by sur-

face reaction, since the activation energy of the corro-

sion process is larger than 20 kJ mol−1.42) Enthalpy and

entropy of activation (∆H*, ∆S*) for the corrosion of

carbon steel in HCl were obtained by applying the

transition state equation:42)

k = (RT / Nh) exp (∆S* / R) exp (-∆H* / RT) (8)

where h is Planck’s constant, N is Avogadro’s num-

ber. A plot of log k/T vs 1/T also gave straight lines as

shown in Fig. 6 for carbon steel dissolution in 2 M HCl

in the absence and presence of different concentration

of inhibitor (I). The slopes of these lines equal −∆H*/

2.303R and the intercept equal log RT/Nh + (∆S*/

2.303R) from which the value of ∆H* and ∆S* were

calculated and tabulated in Table 5. From these results,

it is clear that the presence of the tested compounds

increased the activation energy values and consequently

decreased the corrosion rate of the carbon steel. These

results indicate that these tested compounds acted as

inhibitors through increasing activation energy of car-

bon steel dissolution by making a barrier to mass and

charge transfer by their adsorption on carbon steel sur-

face. Positive sign of the enthalpies reflects the endot-

hermic nature of the steel dissolution process.

Fig. 5. log k (corrosion rate) - 1/T curves for carbon steel

dissolution in 2 M HCl in the absence and presence of

different concentrations of inhibitor (1).

Table 5. Activation parameters for the dissolution of carbon

steel in the presence and absence of different concentrations

of inhibitors in 2  M HCl at 30ºC

Inhibitor Conc., M.

Activation parameters

Ea* ∆Ha* -∆Sa*

kJ mol
−1 kJ mol

−1 J mol
−1 K

−1

Free Acid

(2 M HCl)
0 47.7 46.4 43.8

(I)

3×10-5 50.2 48.6 36.5

5×10-5 52.8 51.2 32.4

7×10-5 54.1 53.4 28.1

9×10-5 56.5 54.8 22.9

12×10-5 58.7 55.7 18.3

15×10-5 61.9 57.8 15.9

(I)

3×10-5 49.1 47.2 38.4

5×10-5 50.7 49.3 34.3

7×10-5 52.1 50.8 30.7

9×10-5 54.8 52.5 28.4

12×10-5 55.4 53.8 24.1

15×10-5 58.4 55.2 23.1

(III)

3×10-5 47.8 46.8 39.3

5×10-5 48.4 48.6 34.9

7×10-5 50.3 49.4 31.3

9×10-5 51.7 50.8 29.7

12×10-5 53.1 51.3 25.5

15×10-5 54.7 53.2 24.5
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All values of E*a are larger than the analogous val-

ues of ∆H* indicating that the corrosion process must

involved a gaseous reaction, simply the hydrogen evo-

lution reaction, associated with a decrease in the total

reaction volume.44)

The values of ∆S* in absence and presence of the

tested compounds are large and negative; this indicates

that the activated complex in the rate-determining step

represents an association rather than dis-   sociation

step, meaning that a decrease in disordering takes place

on going from reactants to the activated complex45,46)

3.2. Potentiodynamic polarization measurements

The cathodic and anodic polarization curves for car-

bon steel in 2 M HCl solution in absence and presence

of various concentrations of the inhibitors (I) at 30oC

are shown in Fig. 7. Similar curves were obtained for

other inhibitors (not shown). The various electrochem-

ical parameters calculated from Tafel plots are given

in Table 6. The lower corrosion current density (icorr)

values in presence of the inhibitors without causing

significant changes in corrosion potential (Ecorr) sug-

gest that the investigated compounds are mixed type

inhibitors and are adsorbed on the surface thereby

blocking the corrosion reaction.47)

The results also show that the slopes of the anodic

and the cathodic Tafel slopes (βa and βc) were slightly

changed on increasing the concentration of the tested

compounds. This indicates that there is no change in

Fig. 6. log (corrosion rate/T) - (1/T) curves for carbon steel

dissolution in 2 M HCl in the absence and presence of

different concentrations of inhibitor (I).

Fig. 7. Potentiodynamic polarization curves for carbon steel

in 2 M HCl in the absence and presence of different con-

centrations of inhibitor (I) at 30oC.

Table 6. The effect of concentration of compound (I) on the free corrosion potential (Ecorr), corrosion current density (icorr), Tafel

slopes (βa & βc), inhibition efficiency (% IE), degree of surface coverage (θ) and corrosion rate (CR) for the corrosion of carbon

steel in 2 M HCl at 30oC

Conc., M -Ecorr, mV icorr, µA cm
−2 βc, mV dec

−1 βa, mV dec
−1 % IE CR, mm y

−1

0.0 467 82.0 311 283 0.000 0.0 95.2

3×10-5 467  31.8 207 175 0.612 61.2 37.0

5×10-5 460 31.7 217 180 0.613 61.3 36.8

7×10-5 412 12.7 183 124 0.845 84.5 14.8

9×10-5 452 4.7 173 139 0.943 94.3 5.4

12×10-5 449 2.0 144 119 0.976 97.6 2.3

15×10-5 428 1.3 147 106 0.984 98.4 1.5
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the mechanism of inhibition in presence and absence

of inhibitors. The values of βc are slightly higher than

the values of βa suggesting a cathodic action of the

inhibitor. The higher values of Tafel slope can be at-

tributed to surface kinetic process rather the diffusion-

controlled process.48)

3.3. Electrochemical impedance spectroscopy mea-

surements

The inhibition efficiencies of investigated com-

pounds on carbon steel surface were examined by

electrochemical impedance spectroscopy. The imped-

ance spectra (Nyquist plot) of carbon steel in 2 M HCl

solution in the absence and presence of different con-

centrations of inhibitor (I) were recorded in Fig. 8.

Similar curves were obtained for other inhibitors (not

shown). The impedance diagrams display one single

capacitive loop represented by slightly depressed

semi-circle for all studied compounds. This capacitive

loop indicates that the corrosion of carbon steel in 2 M

HCl solution is mainly controlled by charge transfer

process and formation of a protective layer on the

metal surface. Deviation from the ideal semi-circle are

generally attributed to the frequency dispersion as well

as inhomogeneities, roughness of metal surface and

mass transport process.49-51) The diameter of the capa-

citive loop increases as the concentration of inhibitor

molecules on the surface.52) On the other hand, the si-

milar nature of the impedance diagrams obtained in

the absence and presence of investigated compounds

reveal that the addition of the inhibitors does not

change the mechanism for the dissolution of carbon

steel in HCl.53-55)

All experimental spectra were fitted with an appro-

priate equivalent circuit to find the parameters, which

describe and being consistent with the experimental

data. Fig. 9 depicts the proposed equivalent circuit,

which consists of Rs, Rct and Cdl which refer to solu-

tion resistance, charge transfer resistance and capaci-

tance of double layer, respectively.

EIS parameters and % IE were calculated and tabu-

lated in Table 7. In order to correlate impedance and

polarization methods, icorr values were obtained from

polarization curves and Nyquist plots in the absence

and presence of different concentrations of inhibitors

(I-III).

It was observed from the obtained EIS data that Rct

increases and Cdl decreases with the increasing of

inhibitor concentration. The increase in Rct values, and

consequently of inhibition efficiency, may be due to

the gradual replacement of water molecules by the

adsorption of the inhibitor molecules on the metal sur-

face to form an adherent film on the metal surface.

This suggests that the film formation on the metal sur-

face will decrease the double layer thickness.56) Also,

this decrease of Cdl at the metal/solution interface with

increasing the inhibitor concentration can result from a

decrease in local dielectric constant which indicates

that the inhibitors were adsorbed on the surface at both

anodic and cathodic sites.57)

Fig. 8. The Nyquist plots for carbon steel in 2 M HCl solu-

tion in the absence and presence of different concentrations

of inhibitor (I) at 30oC.

Fig. 9. The equivalent circuit model used to t the experi-

mental results.

Table 7. Electrochemical kinetic parameter obtained by EIS

technique for the corrosion of carbon steel 2 M HCl at dif-

ferent concentration of compound (I) at 30oC

Conc., M
Cdl,

µF cm
−2

Rct,
Ω cm2 θ % IE

0 119.31 6.894 0.000 0.0

7×10-5 108.8 13.97 0.507 50.7

9×10-5 104.64 24.62 0.720 72.0

12×10-5 103.7 34.52 0.800 80.0

15×10-5 96.8 41.03 0.832 83.2
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The impedance data confirm the inhibition behav-

ior of the inhibitors obtained with other techniques.

From the data of Table 7, it can be seen that the icorr

values decrease significantly in the presence of these

additives and the % IE is greatly improved. The order

of reduction in icorr exactly correlates with that ob-

tained from potentiodynamic polarization studies.

Moreover, the decrease in the values of icorr follows the

same order as that obtained for the values of Cdl. It can

be concluded that the inhibition efficiency found from

weight loss, polarization curves, electrochemical im-

pedance spectroscopy measurements are in good

agreement.

4. Mechanism of Corrosion Inhibition

The inhibition efficiency of the studied three deriva-

tives namely: (I) 2-Methyl-benzoic acid (5-formyl-

3H-furan-2-ylidene)-hydrazide, (II) 2-Hydroxy-ben-

zoic acid (5-formyl-3H-furan-2-ylidene)-hydrazide and

(III) 2-Chloro-benzoic acid (5-formyl-3H-furan-2-yli-

dene)-hydrazide, for carbon steel in 2 M HCl is in the

order: (I) > (II) > (III). The extent of inhibition depends

on the active centers and the electron density (donat-

ing or with drawing) of the substituent groups.

In acid medium benzohydrazide derivatives get pro-

tonated at nitrogen atoms of the hydrazide group, which

results in the formation of positively charged inhibitor

species, thus adsorption of the inhibitor on the carbon

steel surface may occur through the following ways: i)

The electronic configuration of Fe is [Ar] 3d6 4s2. Thus,

vacant 3d orbitals of iron can bond with inhibitor due

to interaction of electron rich π- electron clouds of aro-

matic rings as well as unshared electron pairs on nitro-

gen or oxygen atoms of the inhibitor. ii) The proto-

nated inhibitor could be attached to the steel surface

which is negatively charged in hydrochloric acid me-

dium due to the specifically adsorbed Cl− ions on the

metal surface. Thus adsorption can occur via electro-

static interaction between positively charged inhibitor

molecules and negatively charged metal surface.58,59)

The decrease in the inhibition efficiency with in-

crease in temperature suggests that adsorption of the

inhibitor occurs mainly by physisorption involving

electrostatic interaction of the protonated inhibitors

and the negatively charged metal surface.

Compound (I) exhibits excellent inhibition power

due to the presence of two nitrogen, two oxygen atoms

and CH3 group (highly electron releasing group)

which enhance the delocalized π-electrons on the

active centers of the compound. Compound (II) comes

after compound (I) in inhibition efficiency in spite of it

has two nitrogen, two oxygen atoms and one OH

group. Unfortunately, this compound may form com-

plex compound with Fe2+ and screen the sharing effect

of one oxygen atom and one nitrogen atom. Com-

pound (III) has the lowest inhibition efficiency. This is

due to it has two nitrogen, two oxygen atoms and Cl-

atom. The presence of Cl- atom (which is electron

withdrawing group) lowers the electron density on the

molecule and hence, lowers its inhibition efficiency, so

it becomes the least effective one.

5. Conclusions

In this paper, electrochemical methods were used to

study the ability of investigated derivatives to inhibit

the corrosion of carbon steel in 2 M HCl solution. The

principal conclusions are:

1) The inhibition efficiency of investigated deriva-

tives increases by increasing the inhibitor concentra-

tion, but it decreases with increase in temperature.

2) The polarization curves indicated that the investi-

gated derivatives inhibit cathodic hydrogen evolution

and anodic metal dissolution reactions. These deriva-

tives act as mixed-type inhibitors.

3) Ac impedance plots of investigated derivatives

indicated that polarization resistance increases with

increase in inhibitor concentration.

4) The adsorption of these inhibitors on the metal

surface from 2 M HCl solution obeys Temkin adsorp-

tion isotherm and kinetic model. The negative sign of

∆Go
ads indicates that the Adsorption process is sponta-

neous.

5) The increase in activation energy after the addi-

tion of inhibitors to the 2 M HCl solution indicates that

the adsorption is more physical than chemical.

6) On addition of halide anions to 2 M HCl contain-

ing inhibitors, a synergistic or cooperative effect oc-

curred thus increasing the inhibiting effect of carbon

steel corrosion.
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