
ORIGINAL PAPER

Dodigen 213-N as corrosion inhibitor for ASTM 1010 mild
steel in 10% HCL

M. F. L. Granero Æ P. H. L. S. Matai Æ
I. V. Aoki Æ I. C. Guedes

Received: 13 October 2008 / Accepted: 24 December 2008 / Published online: 14 February 2009

� Springer Science+Business Media B.V. 2009

Abstract This article describes a study of the behavior of

a mixture of amines and amides, commercially known as

Dodigen 213-N (D-213 N), as a corrosion inhibitor for

ASTM 1010 mild steel in 10% w/w HCl solution. The

concentration range used was 1 9 10-5 M to 8 9 10-4 M.

The weight loss and electrochemical techniques used were

corrosion potential measurement, anodic and cathodic

polarization curves, and electrochemical impedance spec-

troscopy (EIS). The solution temperature was 50 ± 1 �C

and it was naturally aerated. The corrosion potential values

shifted to slightly more positive values, thus indicating

mixed inhibitor behavior. The anodic and cathodic polari-

zation curves showed that D-213 N is an effective

corrosion inhibitor, since both the anodic and the cathodic

reactions were polarized in comparison with those obtained

without inhibitor. For all concentrations the cathodic

polarization curves were more polarized than the anodic

ones. The inhibition efficiency was in the range 75–98%,

calculated from values of weight loss and corrosion current

density, icorr, obtained by extrapolation of Tafel cathodic

linear region.
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1 Introduction

Carbon steel is a common constructional material for many

industrial units because of its cost and excellent mechanical

properties. However, it suffers severe attack in service,

particularly in oil and gas production systems [1].

Corrosion is a major problem in oil and gas produc-

tion. The type and extent of this problem depend on

fluid composition, such as the oil type, oil/water ratio,

water salinity, gas type, and gas content [2]. The main

gases that affect metal corrosion in petroleum are

hydrogen sulfide, carbon dioxide, and oxygen [3]. The

combination of hydrogen sulfide and carbon dioxide is

more aggressive than hydrogen sulfide alone [4]. The

salinity of water affects the solubility of the gases, which

influences the corrosivity of the environment. The pres-

ence of sodium chloride in concentrations of up to

1 wt% increases the corrosion rate, because it prevents

the formation of a protective FeS film on the mild steel

surface [5].

Many organic compounds containing oxygen, nitrogen,

and sulfur atoms have been used as corrosion inhibitors for

carbon steel in various aggressive environments [6–9]. The

addition of high-molecular-weight organic compounds

such as surfactants to combat corrosion of carbon steel has

found wide application in many fields [1].

Surfactant exerts its inhibition effect by adsorption

ability, which is affected by definite physical–chemical

characteristics of the surfactant molecule such as functional

groups, aromaticity, p-orbital character of the donating

electrons, steric effect, and the electronic structure of the

molecule [10].

Depending upon the concentration of the surfactant,

adsorption may occur as an individual molecule or as

surfactant aggregates of various types [11].
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A very important factor in the corrosion process is the

presence of sulfur compounds and calcium and magnesium

chlorides, besides the impurities in the raw oil fed to

petroleum refining [12–14]. The presence of chloride ions

can produce hydrochloric acid at the top of distillation

columns, leading to corrosion.

Amines are well known as corrosion inhibitors for iron

and its alloys. The relative high water solubility of low-

molecular-weight amines is an advantage for their use as

inhibitors [15, 16]. The presence of a heteroatom in an

organic compound with unsaturated p-bonds causes

adsorption on the metal surface, which reduces metal dis-

solution [17].

The aim of this work is to study the efficiency of a

mixture of amides and amines as corrosion inhibitor and

their adsorption behavior in aqueous 10% hydrochloric

acid solutions for ASTM 1010 mild steel.

2 Experimental

Samples of ASTM 1010 mild steel with the following

chemical composition (wt%): 0.098 C; 0.02 Mn, 0.03 Si,

0.015 P, 0.06 Cu, 0.016 Ni, 0.036 Al, 0.011 S, and balance

Fe were employed. The industrial formulation used as

corrosion inhibitor is named Dodigen 213-N (D-213 N).

D-213 N in the concentration range 1 9 10-5 M to

8 9 10-4 M was used. A 10% w/w hydrochloric acid

aqueous solution was used as aggressive medium.

2.1 Infrared (IR) spectroscopy

The purpose of IR spectroscopy was to identify the organic

functional groups present in the industrial formulation

studied. BOMEN MB-100 spectrophotometer was used to

record the spectrum in the 4,000–400 cm-1 range. The

original concentrated inhibitor sample was analyzed in a

flat plate ZnS crystal.

2.2 Weight loss experiments

Mild steel (ASTM 1010) samples were cut to approxi-

mately 18 9 10 9 3 mm dimensions. The specimens,

working electrodes, were mechanically polished with dif-

ferent grades of emery paper 320, 400, and 600 grit,

sequentially, washed with distilled water, rinsed with eth-

anol and acetone, and dried in a hot air stream. They were

weighed before and after immersion in 10% w/w HCl

naturally aerated solution at a controlled temperature of

50 �C, in presence and absence of inhibitor for 2 h. The

corrosion rate was determined in the absence and presence

of corrosion inhibitor. Subsequently, the coverage degree,

h, was obtained using

h ¼ vcorr; 0 � vcorr; i

vcorr; 0

;

where vcorr,0 and vcorr,i are the corrosion rate in the absence

and presence of the inhibitor, respectively.

2.3 Electrochemical techniques

The electrochemical techniques employed were corrosion

potential (Ecorr) monitoring, anodic and cathodic polariza-

tion curves, and electrochemical impedance spectroscopy.

Mild steel (ASTM 1010) specimens were cut in disk form

and submitted to the same surface treatment described

above for the weight loss experiments. They were put in a

special holder in order to expose a 1 cm2 area. The tests

were performed in a Voltalab 40 radiometer potentiostat

provided with a frequency response analyzer (FRA) in a

glass cell supporting 350 mL electrolyte (10% w/w HCl) at

a temperature of 50 �C with Ag/AgCl (KCl sat.) as a ref-

erence electrode provided with a Luggin capillary bridge

arrangement to minimize ohmic polarization and a Pt foil

as the counter electrode. The electrode was immersed in

the corrosive medium for 90 min and the corrosion

potential was automatically recorded. The electrochemical

impedance spectra were obtained in a frequency range

from 10 kHz to 100 mHz. Disturbance amplitude of

10 mV was applied relative to open-circuit potential and

ten measurements were performed for each frequency

decade. After the electrochemical impedance spectrum was

obtained, the anodic and cathodic polarization curves were

run. The potential range studied was from -1,000 mV to

100 mV versus Ag/AgCl, with 1 mV s-1 scan rate. All the

techniques were conducted with static working electrodes,

naturally aerated electrolytes at a controlled temperature of

50 ± 1 �C, and in absence and presence of D-213 N

inhibitor. All the solutions used were prepared from

reagent-grade chemicals and distilled water.

3 Results and discussion

3.1 Infrared spectrum

Figure 1 shows the IR spectrum and Table 1 presents the

peaks wavenumbers (cm-1) observed for the sample of

D-213 N. The peaks and their respective attribution [18]

are: 3,550–3,150 cm-1, showing the axial deformation of

N–H groups for aliphatic primary amine; 1,461 cm-1,

corresponding to the symmetric angular deformation of the

CH2 group in primary amines; 1,303 cm-1, a strong band

corresponding to aromatic primary amines; 1,108 cm-1

from the axial deformation of the C–N group of primary

aliphatic amines; and 824.5 cm-1 for the symmetric angular
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out-of-plane deformation for the N–H group of amides. The

presence of peaks at 1,546 cm-1 and 1,655 cm-1 indicates

the presence of amines and the peak at 724 cm-1 corre-

sponds to the presence of long-chain hydrocarbons. The IR

spectrum indicates that the analyzed sample is probably a

mixture of aliphatic primary amines, primary amides, aro-

matic amines, and a hydrocarbon solvent [18].

3.2 Weight loss experiments

Based on the results obtained from weight loss measure-

ments, the inhibitor degrees of coverage on ASTM 1010

mild steel were calculated and are presented in Table 2.

The results show that D-213 N acts as a corrosion inhibitor

for mild steel in 10% w/w HCl solution. When D-213 N is

present, the obtained corrosion rate is lower than that

observed in the absence of D-213 N inhibitor.

The best trend line and related statistical parameters,

such as determination coefficient R2 and standard deviation

for linear and angular coefficients, were obtained by fitting

coverage degree results to Langmuir (Eq. 1) adsorption

isotherm.

Fig. 1 Infrared spectrum for Dodigen 213 N inhibitor

Table 2 Corrosion rates (vcorr) and coverage degrees (h) for ASTM

1010 mild steel in 10% w/w HCl solutions in presence of D-213 N

inhibitor

D-213 N concentration/M vcorr/mg cm-2 h-1 h

0.0 23.2 ± 0.30 0.00

1.0 9 10-5 22.4 ± 0.70 0.04

2.0 9 10-5 21.3 ± 0.10 0.08

4.0 9 10-5 18.6 ± 0.30 0.20

5.0 9 10-5 9.2 ± 0.20 0.60

6.0 9 10-5 8.7 ± 0.20 0.62

8.0 9 10-5 7.5 ± 0.50 0.68

1.0 9 10-4 5.6 ± 0.10 0.76

3.0 9 10-4 3.6 ± 0.30 0.84

7.0 9 10-4 1.9 ± 0.40 0.92

8.0 9 10-4 1.1 ± 0.10 0.95

Table 1 Infrared spectroscopy

spectrum peak wavenumbers

(cm-1) for D-213 N corrosion

inhibitor

Wave number/cm-1 Peak correspondence Observation

589 Aromatic amine

724 CH2 angular deformation (out or plan) Appears for long

hydrocarbon chains

750 Aromatic amine

824 N–H deformation for amines and amides

1,108 Medium-intensity band corresponding to aliphatic

primary amines

1,303 Strong-intensity band corresponding to aromatic

primary amines

1378 Symmetric angular deformation on the CH3 plane

1,461 Symmetric angular deformation on the CH2 plane

1546 Angular deformation of N–H for primary amines

1,655 High-intensity peak for the primary amines

2,855 Symmetric axial deformation for CH2 Appears for long

hydrocarbon chains

2925 Asymmetric axial deformation for CH2 Appears for long

hydrocarbon chains

2,957 Asymmetric axial deformation for CH3 Appears for long

hydrocarbon chains

3,006 Peak corresponding to the aromatic rings

3,150–3,550 Asymmetric axial deformation of N–H for the primary

amines
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h= 1� hð Þ ¼ k�C; ð1Þ

where h is the fractional coverage degree, k is the

adsorption constant, and C is the adsorbate concentration.

Results of the statistical isotherm equation parameters

are given in Table 3. Figure 2 shows the Langmuir

adsorption isotherm.

The angular coefficient of Langmuir adsorption isotherm

represents the adsorption equilibrium constant, kads. Its value

is kads = 4.3 9 104 M-1. This value can be used to calculate

the standard adsorption free energy, which provides

Kads ¼
1

55:5
exp� DG0

ads

RT

� �
:

So, DG0
ads ¼ �RT ln 55:5Kadsð Þ; where the value 55.5 is the

water concentration in the solution in mol L-1, R is the gas

constant (8.3147 J mol-1 K-1), T is the absolute temper-

ature, and DGads
0 is the standard free adsorption energy [8].

So, DG0
ads ¼ �36:4 kJ mol�1. This value in modulus is

higher than the minimum value of 25.2 kJ mol-1 for

chemical adsorption, so it can be concluded that chemical

adsorption takes place [19].

The free energy involved in the adsorption is an

important factor related to the high efficiency of a sub-

stance as an inhibitor. When an inhibited solution contains

absorbable anions, such as chloride ions, they are specifi-

cally adsorbed on the metal surface by creating oriented

dipoles, thereby increasing the adsorption of the organic

cations over them [20], and this may be the way D-213 N

inhibitor is adsorbed on the steel [21–23].

3.3 Electrochemical techniques

3.3.1 Corrosion potential

Table 4 shows the corrosion potential results for ASTM

1010 mild steel in 10% w/w HCl solution in absence and

presence of increasing D-213 N inhibitor concentrations.

For all the inhibitor concentrations studied, the corro-

sion potentials shifted to slightly more negative values

in comparison with values obtained in the absence of

D-213 N inhibitor. This slight variation in the corrosion

potential indicates its mixed inhibition behavior.

3.3.2 Anodic and cathodic polarization curves

Figure 3 presents the anodic and cathodic polarization

curves obtained for ASTM 1010 mild steel in 10% w/w

HCl solution. Both anodic and cathodic curves were

polarized in comparison with that obtained in the absence

of inhibitor, thus inhibiting both the anodic dissolution of

mild steel and the reduction of hydrogen ions on the metal

Table 3 Statistical results obtained from the linear regression anal-

ysis and parameters for the Langmuir adsorption isotherm for ASTM

1010 mild steel in 10% w/w HCl solutions for different concentra-

tions of D-213 N corrosion inhibitor

Parameter Langmuir isotherm

Corresponding equation h/(1 - h) = k*C

Determination coefficient, R2 0.97

Linear coefficient ± r 0.30 ± 0.13

Angular coefficient ± r (4.3 ± 0.14) 9 104

Fig. 2 Langmuir adsorption isotherm for D-213 N corrosion inhib-

itor on ASTM 1010 mild steel in 10% w/w HCl solution

Table 4 Corrosion potential (Ecorr), corrosion current densities (icorr), and efficiencies (g) from gravimetric tests and polarization curves for

ASTM 1010 mild steel in 10% w/w HCl solutions for different concentrations of D-213 N corrosion inhibitor

Electrochemical techniques Gravimetric technique

Concentration D-213 N/M Ecorr/mV icorr/A cm-2 g/% icorr/A cm-2 g/%

0.00 -350 2.0 9 10-2 – 2.2 9 10-2 –

1.0 9 10-4 -380 5.1 9 10-3 74.0 5.4 9 10-3 75.0

5.0 9 10-4 -388 1.6 9 10-3 92.0 1.8 9 10-3 92.0

7.0 9 10-4 -392 4.0 9 10-4 98.0 1.1 9 10-3 95.0
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surface. This confirms that D-213 N behaves as a mixed

inhibitor.

Table 4 shows the results for the corrosion potential,

corrosion current density, and inhibition efficiency for

ASTM 1010 mild steel obtained from weight loss mea-

surements and polarization curves in 10% w/w HCl in

absence and presence of increasing D-213 N inhibitor

concentrations.

The results obtained from the weight loss measurements

and from the polarization curves are in close agreement.

The corrosion current densities decrease markedly for

higher inhibitor concentrations. The inhibition efficiency

values are nearly the same for both techniques. This con-

firms the importance of using more than one technique to

obtain the results [24].

3.3.3 Electrochemical impedance spectroscopy

Figure 4 shows the EIS diagrams for ASTM 1010 mild

steel in 10% w/w hydrochloric acid solution in absence and

presence of D-213 N inhibitor. The Nyquist diagrams

(Fig. 4a) show higher resistances to charge transfer as the

concentration of D-213 N inhibitor increases.

In order to analyze the Nyquist plots more concisely,

equivalent circuits were proposed for data interpretation.

For all measurements, the equivalent circuit model repre-

sented in Fig. 5 was used.

Cdl is the double-layer capacitance and Rct represents the

resistance of the interfacial charge transfer reaction. These

two parameters represent the electrochemical behavior of

the steel surface. To take into account the nonideal

behavior of the capacitive elements Cdl, a constant phase

element (CPE) was introduced into the model. The

impedance of such an element can be written as follows:

ZCPE ¼
1

jxð Þn y0

:

The values of the CPE parameters y0 and n were

determined through a fitting procedure and the

capacitance C could then be derived with the equation

proposed by Hsu and Mansfeld [25].

C ¼ y0 x00m
� �n�1
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where y0 = CPE1 - T, and n = CPE1 - P (in Zview

software) and x00m ¼ fmax is the frequency at which the

imaginary part of the measured impedance has a maxi-

mum. These results are presented in Table 5.

Polarization curves (Fig. 3) and EIS results (Fig. 4a, b)

consistently indicate that D-213 N inhibitor protects the

surface from corrosion. This is indicated by the increase in

charge transfer resistance and the decrease in double-layer

capacitance, which are in turn the consequence of the

participation of D-213 N inhibitor in the protective layer.

It is also observed that the frequency of the maximum

point of the capacitive arc is smaller for higher concen-

trations of D-213 N inhibitor. The diameter of the

capacitive arcs increase for increasing concentrations of the

studied molecule as corrosion inhibitor, reaching a maxi-

mum diameter at the concentration of 7.0 9 10-4 M,

indicating that the charge transfer process between the

metal and the solution becomes less intense in the presence

of higher inhibitor concentrations. These results are also

confirmed by the Bode diagrams (Fig. 4b), which show that

the impedance of the system at low frequencies (resistance

to charge transfer) becomes higher as the concentration of

D-213 N inhibitor increases, which is probably associated

with the formation of a more protective film on the steel

surface [17]. Finally, it can be concluded that the D-213 N

inhibitor acts as an effective corrosion inhibitor for ASTM

1010 carbon steel in HCl w/w 10%.

Table 5 shows the values obtained for the charge

transfer resistance (Rct) and double-layer capacitance (Cdl)

in absence and presence of different concentrations of

D-213 N inhibitor. The values of Rct increase with

increasing inhibitor concentration, indicating that metal/

electrolyte interface reactions are more difficult for higher

concentrations of D-213 N inhibitor. On the other hand, the

values of Cdl diminish, which is probably due to formation

of a barrier on the surface of the mild steel that minimizes

ion exchange through the double layer on the metal/elec-

trolyte interface. In Fig. 4b, Bode diagrams show that the

values of the impedance modulus and phase angle also

increase gradually with increasing inhibitor concentration,

indicating the formation of a protective film. These results

confirm that the absorbed film formed by D-213 N inhib-

itor in 10% HCl solution becomes more protective for

higher D-213 N concentrations.

4 Conclusions

The following conclusions can be drawn:

1. The IR spectrum indicates that the sample analyzed is

probably a mixture of aliphatic primary amines,

primary amides, aromatic amines, and a hydrocarbon

solvent.

2. The Langmuir adsorption isotherm presents a good fit

to coverage degree, indicating that only one chemical

adsorbed layer is formed.

3. For all the concentrations and techniques studied, the

results indicate that D-213 N acts as an effective

mixed corrosion inhibitor for ASTM 1010 mild steel in

10% w/w HCl.

4. EIS results confirm the presence of the adsorbed

D-213 N corrosion inhibitor in the metal/electrolyte

interface, evidenced by higher impedance modulus and

phase angles for increasing inhibitor concentrations.

5. The results from all the techniques employed to assess

the behavior of D-213 N are in close agreement,

indicating the protection against corrosion provided by

this inhibitor.
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amônio quaternário para ferro puro, aço carbono e aço ARBL em
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