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Abstract

The corrosion inhibition of mild steel in 0.5 M hydrochloric acid solutions by some new hydrazine carbodithioic acid

derivatives namely N0-furan-2-yl-methylene-hydrazine carbodithioic acid (A), N0-(4-dimethylamino-benzylidene)-hydrazine

carbodithioic acid (B) and N0-(3-nitro-benzylidene)-hydrazine carbodithioic (C) was studied using chemical (weight loss) and

electrochemical (potentiodynamic and electrochemical impedance spectroscopy, EIS) measurements. These measurements

show that the inhibition efficiency obtained by these compounds increased by increasing their concentration. The inhibition

efficiency follow the order C > B > A. Polarization studies show that these compounds act as mixed type inhibitors in 0.5 M

HCl solutions. These inhibitors function through adsorption following Langmuir isotherm. The electronic properties of these

inhibitors, obtained using PM3 semi-empirical self-consistence field method, have been correlated with their experimental

efficiencies using non-linear regression method.
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1. Introduction

In view of the fact that aggressive acid solutions are

widely used for industrial purposes, inhibitors are

commonly used to decrease the corrosion attack on

metallic materials. The inhibition of corrosion of mild

steel by acids was previously studied by some sulphur

and/or nitrogen containing compounds [1–4].
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Dithiocarbazate, NH2NHCS2, and its substituted

derivatives have been synthesized and investigated

over the past few decades [5–8]. Interest remains high

in these compounds and the Schiff bases derived from

them through condensation with various aldehydes

and ketones because of the intriguing observation that

they sometimes show different biological properties,

although they may differ only slightly in their

molecular structures [9]. Transition metal complexes

of these ligands are widely studied because of their

potential for therapeutic use [10]. They also find
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applications in health and skin care products and in

paint manufacturing [11].

In continuation of the work on acid corrosion

inhibitors [12–16], newly synthesized organic com-

pounds namely N-furan-2-yl-methylene-hydrazine

carbodithioic acid (A), N0-(4-dimethylamino-benzy-

lidene)-hydrazine carbodithioic acid (B) and N0-(3-

nitro-benzylidene)-hydrazine carbodithioic (C) have

been studied as suggested corrosion inhibitors for mild

steel in 0.5 M HCl using several chemical and

electrochemical techniques. The aim of this study is

to investigate the effect of these compounds on

corrosion inhibition of mild steel in 0.5 M hydro-

chloric acid solutions and to correlate their efficiency

to their molecular structure using quantum chemical

calculations.
2. Experimental details

Hydrazine carbodithioic acid derivatives have been

synthesized from equimolar of dithioic acid hydrazide

and the corresponding aldehyde in absolute ethanol.

The mixture was refluxed for 2 h then left to cool. The

precipitate was filtered off and crystallized from

ethanol to give the studied compounds. Fig. 1 shows

the method of preparation and 2D structure for the

studied compounds.

Mild steel stripes having the size 2 cm � 2 cm �
0.025 cm (C = 0:15%; Mn = 0.36%; S = 0.28%;

P = 0.09%; Si = 0.017% and the remainder iron) were

used for weight loss measurements (immersion time
Fig. 1. Preparation method and 2D stru
3 h). A mild steel rod of the same composition as

above was mounted in Teflon with an exposed area of

0.28 cm2 was used for polarization and EIS measure-

ments.

Prior to each experiment, the specimen was

polished with a series of emery papers of different

grit sizes up to 4/0 grit, polished with Al2O3 (0.5 mm

particle size), washed several times with bidistilled

water then with acetone and dried using a stream of air.

A typical three-compartment glass cell consisted of

the mild steel rod as working electrode (WE),

platinum mesh as counter electrode (CE), and a

saturated calomel electrode (SCE) as the reference

electrode was used for the electrochemical measure-

ments. The counter electrode was separated from the

working electrode compartment by fritted glass. The

reference electrode was connected to a Luggin

capillary to minimize IR drop. Solutions were

prepared from bidistilled water. The electrode

potential was allowed to stabilize for 1 h before

starting the measurements. All experiments were

conducted at 25 8C. The electrolyte solution was made

from analytical reagent grade HCl.

Tafel curves were obtained by changing the

electrode potential automatically from (�250 to

+250 mVSCE ) versus open circuit potential with scan

rate of 0.166 mV s�1. EIS measurements were carried

out in a frequency range of 100 kHz to 40 mHz with

amplitude of 5 mV peak-to-peak using ac signals at

open circuit potential.

Measurements were performed with a Gamry

instrument Potentiostat/Galvanostat/ZRA. This inclu-
cture of the studied compounds.
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Fig. 3. Nyquist plots for mild steel in 0.5 M HCl in absence and
�4
des a Gamry framework system based on the ESA400,

Gamry applications that include DC105 corrosion and

EIS300 electrochemical impedance spectroscopy

softwares, along with a computer for collecting the

data. Echem Analyst 4.0 Software was used for

plotting, graphing and fitting data.

All the quantum chemical study has been carried

out using PM3 semi-empirical self-consistent field

method, available by Hyperchem version 7, a

quantum-mechanical program from Hypercub Inc.

Molecular orbital calculation was based on semi-

empirical Self Consistent Field method (SCF-MO).

This method has been used with full optimization of

all geometrical variables.

presence of 10 M of the studied inhibitors.

Fig. 4. Nyquist plots for mild steel in 0.5 M HCl in absence and

presence of 5 � 10�4 M of the studied inhibitors.
3. Results and discussion

3.1. Electrochemical impedance measurements

Figs. 2–5 show Nyquist plots for mild steel in 0.5 M

HCl in absence and presence of different concentra-

tions of hydrazine carbodithioic acid derivatives A, B

and C in the concentration range 10�5 to 10�3 M at

25 8C. Nyquist plots consist of one capacitive loop

with one time constant. The charge transfer resistance

values (Rct) are calculated from the difference in

impedance at lower and higher frequencies, as

described elsewhere [16]. To obtain the double layer

capacitance (Cdl) the frequency at which the

imaginary part of the impedance is maximum

(�Zimg)max is found and Cdl values are calculated
Fig. 2. Nyquist plots for mild steel in 0.5 M HCl in absence and

presence of 10�5 M of the studied inhibitors.

Fig. 5. Nyquist plots for mild steel in 0.5 M HCl in absence and

presence of 10�3 M of the studied inhibitors.



K.F. Khaled / Applied Surface Science 252 (2006) 4120–4128 4123
from the following equation [15]:

Cdl ¼
1

vmaxRct

(1)

The interpretation of Nyquist Figs. 2–5 allow to

determine the electrochemical parameters of the steel

electrode and to acquire information about the

corrosion process and mechanism. As in Table 1,

the corrosion rate can be calculated by determining the

reciprocal of the charge transfer resistance (1/Rct).

Data in Table 1 shows that these compounds obviously

inhibit the corrosion of mild steel in 0.5 M HCl. The

inhibition efficiency increased by increasing the

concentration of the studied inhibitors. The inhibition

efficiency is calculated using charge transfer resis-

tance from equation [15]:

E% ¼ Rinh
ct � Rct

Rinh
ct

� 100 (2)

where Rct and Rinh
ct are the charge transfer resistance

values in absence and presence of inhibitor for mild

steel in 0.5 M HCl, respectively. By increasing the

inhibitor concentration the Rct values increase but Cdl

values decrease. Characterization of the adsorption

and desorption and film formation on the metal

electrode surface may be studied by determining

its capacitance Cdl. The decrease in the Cdl value

is due to the adsorption of the inhibitors on the steel

surface [17]. The adsorption of these inhibitors on
Table 1

Impedance data of mild steel in 0.5 M HCl in absence and presence

of different concentrations from hydrazine carbodithioic acid deri-

vatives

Concentration (M) Rct (V cm2) Cdl (mF cm�2) E (%)

HCl 55 459.5

A 10�5 63 401.2 12.7

10�4 92 274.7 40.2

5 � 10�4 138 183.2 60.2

10�3 280 90.3 80.3

B 10�5 108 234.1 49.1

10�4 158 159.9 65.2

5 � 10�4 305 82.8 81.9

10�3 520 48.6 89.4

C 10�5 127 199.1 56.7

10�4 278 90.9 80.2

5 � 10�4 550 45.9 90.0

10�3 789 32.1 93.1
mild steel surface can occur either directly on the

basis of donor–acceptor interaction between the p-

electrons (of the double bonds, phenyl rings and furan

ring) and the vacant d-orbitals of steel surface atoms

or interaction of them with already adsorbed chloride

ions as proposed [18,19]. Adsorption might also

occur in the cationic form with positively charged

part of the molecule oriented toward negatively

charges metal surface. This fact supports the

observed decrease in Cdl values in the EIS measure-

ment at the corrosion potential, Table 1. It is clear that

compound C is the best inhibitor, it contain the nitro

benzene group with its powerful inductive effect

which facilitate the delocalization of electron density

throughout the molecule than in case of furan sub-

stituent (A) or in case of dimethyl amino substituent

(B), respectively.

Figs. 2–5 indicate that the impedance response of

mild steel in uninhibited 0.5 M HCl has significantly

changed after the addition of hydrazine carbodithioic

acid derivatives in the corrosive system. The results

described above can be interpreted in terms of

equivalent circuit of the electrical double layer shown

in Fig. 6, which has been used previously to model

the iron/acid interface [20]. Nyquist plots, Figs. 2–5,

are depressed into the Zr (real axis) and not perfect

semi-circles as a result of the roughness and other

inhomogeneities of the metal surface [15]. This kind

of phenomena is known as ‘‘the dispersing effect’’

[15]. Also, It can be explained as follows:

On the metal side, electrons control the charge

distribution whereas on the solution side it is

controlled by ions. Since ions are much larger than

electrons, the equivalent ions to the charge on the

metal will occupy quite large volume on the solution

side of the double layer [20]. Decreasing the

capacitance Cdl, in Table 1, which can result from a

decrease in dielectric constant and/or an increase in

the thickness of the electrical double layer, suggests
Fig. 6. Suggested equivalent circuit model for the studied system.
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Fig. 8. Anodic and cathodic Tafel lines for mild steel in 0.5 M HCl

in absence and presence of 10�4 M of the studied inhibitors.

Fig. 9. Anodic and cathodic Tafel lines for mild steel in 0.5 M HCl

in absence and presence of 5 � 10�4 M of the studied inhibitors.
that the inhibitor molecules act by adsorption at the

steel/acid interface [21].

3.2. Polarization measurements

Figs. 7–10 represent potentiodynamic polarization

curves for mild steel rod in 0.5 M HCl in absence and

presence of various concentrations of A, B and C,

respectively. As can be seen both anodic and cathodic

reactions of mild steel with acids are inhibited in the

presence of the inhibitor molecules. Thus, addition of

these inhibitor molecules reduces the mild steel

dissolution as well as retarding the hydrogen evolution

reaction. Table 2 shows the electrochemical corrosion

parameters, as corrosion potential (Ecorr), cathodic and

anodic Tafel slopes (ba, bc) and corrosion current

density (icorr), obtained by extrapolation of the Tafel

lines. The inhibitor efficiency was evaluated from dc

measurements using the following equation [13]:

E% ¼ i0
corr � icorr

i0corr

� 100 (3)

where i0corr and icorr correspond to uninhibited and

inhibited current densities, respectively. The obtained

efficiencies given in Table 2 show that all hydrazine

carbodithioic acid derivatives act as effective inhibi-

tors. Corrosion inhibition efficiencies increase as the

inhibitor concentration increases. Inhibitor C shows

the maximum efficiency (98.95%) at a concentration

of 10�3 M.
Fig. 7. Anodic and cathodic Tafel lines for mild steel in 0.5 M HCl

in absence and presence of 10�5 M of the studied inhibitors.

Fig. 10. Anodic and cathodic Tafel lines for mild steel in 0.5 M HCl

in absence and presence of 10�3 M of the studied inhibitors.
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Table 2

Electrochemical kinetic parameters of mild steel in 0.5 M HCl in absence and presence of different concentrations from hydrazine carbodithioic

acid derivatives

Concentration (M) icorr (A cm�2) �Ecorr (mV) �bc (mV dec�1) ba (mV dec�1) CR (mpy) E (%)

HCl 1.90E�3 430 140 100 1140.0 –

A 10�5 1.58E�3 415 139 97 722.7 16.58

10�4 1.00E�3 415 139 101 456.0 47.36

5 � 10�4 0.39E�3 430 138 108 181.5 79.04

10�3 0.16E�3 475 137 105 72.3 91.65

B 10�5 0.79E�3 415 136 109 362.2 58.19

10�4 0.39E�3 416 138 103 181.5 79.04

5 � 10�4 0.13E�3 450 136 112 57.4 93.37

10�3 0.06E�3 475 140 113 28.7 96.67

C 10�5 0.39E�3 430 140 95 181.5 79.04

10�4 0.16E�3 445 139 89 72.3 91.65

5 � 10�4 0.07E�3 475 138 96 36.2 95.82

10�3 0.02E�3 580 135 101 9.1 98.95

Table 3

Corrosion rate and efficiency data obtained from weight loss

measurements for mild steel in 0.5 M HCl in absence and presence

of different concentrations from hydrazine carbodithioic acid deri-

vatives

Inhibitor Concentration

(M)

Weight loss

(mg cm�2 h�1)

E (%) u

HCl 97.00

A 10�5 82.45 15 0.15

10�4 51.41 47 0.47

5 � 10�4 31.1 68 0.68

10�3 14.5 85 0.85

B 10�5 53.3 45 0.45

10�4 50.4 48 0.48

5 � 10�4 11.6 88 0.88

10�3 8.73 91 0.91

C 10�5 37.8 61 0.61

10�4 13.5 86 0.86

5 � 10�4 6.8 93 0.93

10�3 2.9 97 0.97
Values of corrosion current density icorr decreased

by addition of A, B and C in 0.5 M HCl. Corrosion

potential Ecorr shifts have no definite trend which

indicate that these molecules act as mixed type

inhibitors.

3.3. Weight loss measurements

Values of inhibition efficiency E% and corrosion

rate (mg cm�2 h�1) obtained from weight loss method

at different concentrations of inhibitors at 25 8C are

summarized in Table 3. E%, were calculated using the

following equation [16]:

E% ¼
�

1� w

w0

�
� 100 (4)

where w0 and w are the weight loss in the absence and

presence of inhibitor molecule, respectively.

It is obvious from Table 3 that all of these

compounds inhibit the corrosion of mild steel in 0.5 M

HCl solution at all concentrations used in this study.

The inhibition efficiency for all of these compounds

increases with the increase in concentration.

3.4. Adsorption isotherm

In order to gain more information about the mode

of adsorption of these compounds on the surface of

mild steel. The experimental data have been tested
with several adsorption isotherms. In order to obtain

the isotherm, coverage u calculated from the weight

loss measurements using the following equation [16]:

u ¼ 1� w

w0
(5)

where w0 and w are the weight loss in the absence and

presence of inhibitor molecule, respectively. The plots

of log(u/(1 � u)) versus log Cinh yielded a straight line,

where Cinh is the inhibitor concentration. The best fit
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Fig. 11. Langmuir’s adsorption plots for mild steel in 0.5 M HCl

containing various concentrations from hydrazine carbodithioic acid

derivatives.
was obtained with Langumir adsorption isotherm as in

Fig. 11.

3.5. Quantum chemical calculation

Quantitative structure and activity relationship

(QSAR) has been used to correlate the inhibition

efficiency of these inhibitors and their molecular
Table 4

Calculated quantum chemical parameters obtained by PM3 SCF-MO me

Inhibitor �Etot (kJ mol�1) m (D)

A 41277.4 6.211

B 51685.1 7.782

C 57564.1 2.72

Table 5

Inhibition efficiency obtained from different methods and their average

Inhibitor Concentration (M) E, from EIS (%) E, from p

A 10�5 12.7 16.58

10�4 40.2 47.36

5 � 10�4 60.2 79.04

10�3 80.3 91.65

B 10�5 49.1 58.19

10�4 65.2 79.04

5 � 10�4 81.9 93.37

10�3 89.4 96.67

C 10�5 56.7 79.04

10�4 80.2 91.65

5 � 10�4 90.0 95.82

10�3 93.1 98.95
structure. Table 4 shows the quantum chemical

calculation parameters obtained by semi-empirical

PM3 method [22] with commercially available

quantum chemical software Hyperchem, release 7

[23]. These parameters are mainly the energies of the

highest occupied (EHOMO) and lowest unoccupied

(ELUMO) molecular orbitals, dipole moment (m) and

total energy (Etot). EHOMO is often associated with the

electron donating ability of the molecule and

inhibition efficiency increases with increasing EHOMO

values. High EHOMO values indicate that the molecule

has a tendency to donate electrons to appropriate

acceptor molecules with low energy empty molecular

orbitals. Increasing values of the EHOMO facilitate

adsorption (and therefore inhibition) by influencing

the transport process through the adsorbed layer.

An attempt to correlate parameters in Table 4 with

average experimental inhibition efficiencies, Table 4

shows that there is no simple relation or direct trend

relationship can be derived with the inhibition

performance of this class of inhibitors. Though, a

number of satisfactory correlations have been

recorded by other investigators [24–31] between the

inhibition efficiency of various inhibitors used and

some selected quantum chemical parameters.
thod for hydrazine carbodithioic acid derivatives

EHOMO (eV) ELUMO (eV) D (eV)

�8.943 �1.54 �7.4

�8.1369 �1.29 �6.8

�9.208 �1.865 �7.3

olarization (%) E, weight loss (%) Mean efficiency (%)

15 14.7

47 44.8

68 69.1

85 85.6

45 50.7

48 64.1

88 87.7

91 92.3

61 65.5

86 85.9

93 92.9

97 96.3
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A composite index of more than one parameter [32]

from Table 4 has been used to perform QSAR, which

might affect the inhibition efficiency of the molecules.

In that case, a relation may exist between the

composite index and the average corrosion inhibition

efficiency for a particular molecule. Thus, for a given

study, parameters have been selected relevant to the

activity for the series of molecules under investigation.

The non-linear model (LKP) proposed by Lukovits

et al. [33] for the study of interaction of corrosion

inhibitors with metal surface in acidic solutions has

been used in this work according to the following

equation [33]:

Ei ¼
ðAx j þ BÞCi

1þ ðAx j þ BÞCi
� 100 (6)

where Ei is the inhibition efficiency, A and B are the

regression coefficients determined by regression ana-

lysis, xj is a quantum chemical index characteristic for

the molecule (j) and Ci denotes the experiment’s

concentration i.

In the non-linear method analysis, multiple regres-

sions were performed on inhibition efficiencies for

hydrazine carbodithioic acid derivatives at concentra-

tion range from 10�5 to 10�3 M, and Eq. (7) is

obtained applicable for the all three compounds
Fig. 12. Calculated vs. experimental inhibitor efficiencies for

hydrazine carbodithioic acid derivatives.

Ei ¼
ð4:98D� 0:9EHOMO � 8:23ELUMO � 1:2mþ 13368

1þ ð4:98D� 0:9EHOMO � 8:23ELUMO � 1:2mþ 133
The plot of the experimental (Table 5) and calculated

inhibition efficiency of compounds A, B and C are

presented in Fig. 12. An acceptable correlation

coefficient (0.80) between the calculated and experi-

mental efficiencies was obtained.

4. Conclusions

The following results can be drawn from this

study:
1. H
:8Þ
68:
ydrazine carbodithioic acid derivatives are very

good inhibitors and acts as mixed type inhibitors

for mild steel in hydrochloric acid solution.

Corrosion inhibition efficiencies are in the order

C > B > A.
2. I
nhibition efficiencies increases by increasing the

inhibitor concentration and inhibition occur

through adsorption of the inhibitor on the mild

steel surface. The adsorption of these inhibitors

obeys the Langmuir adsorption isotherm.
3. D
ouble layer capacitances decreases with respect

to the blank solution when these inhibitors are

added. This fact may be explained on the basis

of adsorption of these inhibitors on the steel

surface.
Ci

8ÞCi
� 100 (7)
4. I
n determining the corrosion, electrochemical

studies and weight loss measurements give similar

results.
5. U
sing the theoretical methods, QSAR approach is

adequately sufficient to forecast the inhibitor effec-

tiveness. However, it may be used to find the

optimal group of parameters that might predict the

structure and molecule suitability to be an inhibitor.
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