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Abstract The influence of the concentration of novel surfactants based on corn oil on the corro-

sion behavior of carbon steel in CO2 saturated solution at different temperatures was studied. The

investigation involved weight loss, LPR corrosion rate and extrapolation of cathodic and anodic

Tafel lines method. Results obtained show that the surfactants studied are efficient corrosion inhib-

itors for carbon steel in CO2 saturated brine. The inhibition efficiency (IE%) increases with an

increase in the concentration of the studied surfactant. The inhibition process was attributed to

the formation of the adsorbed film on the metal surface that protects the surface against the corro-

sive agent. The data exhibited that the inhibition efficiency slightly increases with increasing temper-

ature. The surface activity of the synthesized surfactant solutions was determined using surface

tension measurements at 25 �C. Adsorption of inhibitors was found to obey the Langmuir isotherm.

The standard enthalpy, DH
�

ads:, entropy, DS
�

ads: and free energy changes of adsorption were evalu-

ated; the calculated values of DH
�

ads: and DG
�

ads were negative while those for DS
�

ads: were positive.

Mainly, all the above results are suggestive of chemisorption of the surfactant molecules on the

metal surface. Scanning electron microscopy (SEM) and Energy dispersive X-ray fluorescence

(EDRF) observations of the electrode surface confirmed the existence of such an adsorbed film.
ª 2013 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute.
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1. Introduction

Mild steel alloys are the most commonly used construction

materials for pipelines in the oil and gas industry but they
are very susceptible to both a high general corrosion rate
and severe localized corrosion [1]. CO2 corrosion is one of

the most significant causes in the oil and gas pipeline failures
and occurs at all stages of production from downhole to
gyptian Petroleum Research Institute.

1.002

mailto:Hany_shubra@yahoo.co.uk
http://dx.doi.org/10.1016/j.ejpe.2013.11.002
http://www.sciencedirect.com/science/journal/11100621
http://dx.doi.org/10.1016/j.ejpe.2013.11.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


452 V.M. Abbasov et al.
surface equipment and processing facilities [2,3]. Carbon diox-
ide gas dissolves into saltwater and forms weak carbonic acid.
This acid reacts with the iron of the steel pipes enhancing their

corrosion rate. Although mild steel corrosion resistance is poor
in aggressive environments, it is usually the most cost effective
option with the use of organic corrosion inhibitors. Commer-

cial corrosion inhibitors consist of at least one of the following
surfactants: fatty acids, amines, fatty amines/diamines, fatty
amido/amines or imidazolines, quaternary amines, other

amine derivates, and oxygen, sulfur or phosphorous contain-
ing compounds [4].

Specific types of organic inhibitors are represented by
surfactants [5–15]. Surfactant molecules consist of nonpolar

hydrophobic and polar hydrophilic groups [16]. Surfactant
inhibitors have many advantages, for example, high inhibi-
tion efficiency, low price, low toxicity, and easy production

[17,18]. Moreover, the investigation of surfactants adsorbed
on metal surfaces is extremely important in electrochemical
studies such as corrosion inhibition, adhesion, lubrication,

and detergency [19]. Surfactants are widely employed in
the petroleum industry to protect iron and steel equipments
used in drilling, production, transport, and refining of

hydrocarbons [20]. The efficiency of the inhibited film de-
pends on the inhibitor concentration and contact time with
the metal surface.

It is generally accepted that organic molecules inhibit corro-

sion via adsorption at the metal–solution interface [21,22].
Two primary mechanisms of adsorption are associated with
organic compounds: they act by blocking the reaction sites

or generating a physical barrier to reduce the diffusion of cor-
rosive species to the metal surface. The mode of adsorption is
dependent on the following factors: chemical and electronic

structure of the molecule, inhibitor concentration, solution
chemistry, nature and surface charge of the metal surface, elec-
trochemical potential at the interface and the temperature of

the corrosion reaction [23].
The type of corrosion caused by dissolved CO2 varies con-

siderably depending on the changes of the precise environmen-
tal conditions (temperature, pH, partial pressure of CO2, etc.).

Temperature is the most important influencing factor in CO2

corrosion environments. In general, temperature has a great ef-
fect on the rate of metal corrosion [24] and its variation is a

very useful tool for studying and clarifying the adsorption
mechanism of an inhibitor. It is well known that the effect of
temperature is highly complex but it provides the possibility

of calculating the thermodynamic adsorption and kinetic cor-
rosion parameters, which helps in determining the type of
adsorption of the studied inhibitor.

In the present work, we describe the synthesis and charac-

terization of novel surfactants based on corn oil. Corrosion
inhibition of mild steel C1018 in CO2-saturated 1% NaCl solu-
tion in the presence of synthesized surfactants has been studied

by using weight loss, LPR corrosion rate, extrapolation of
cathodic and anodic Tafel lines and surface tension techniques
complemented with some SEM and EDRF observations. Also

this work was purposed to test the experimental data obtained
from the extrapolation of cathodic and anodic Tafel lines
method with several adsorption isotherms at different temper-

atures, in order to determine the thermodynamic functions for
the adsorption process and get more information on the mode
of adsorption.
2. Materials and methods

2.1. Chemical composition of the investigated mild steel C1018

Electrodes are made of steel grade 080A15 and have an area of
4.55 cm2 (rotating cylinder electrode). These electrodes are

used for one time. The mechanical properties of the mild steel
measured at room temperature were provided by the supplier
and shown as follows: tensile strength equal to 490 MPa and

elongation to failure equal to 16%. The chemical composition
of mild steel used in this study was given in Table 1. The data
were provided by the European Corrosion Supplies Ltd.

2.2. Synthesis of the inhibitors

The inhibitors were synthesized in our laboratory based on
corn oil. The corn oil is a mixture of different fatty acids as

shown in Table 2. The corn oil was hydrolyzed with a solution
of 25% NaOH for 7 h at 90 �C. This process produced the so-
dium salt of fatty acid, was reacted with 37% HCl acid solu-

tion to liberate the free hydrolyzed fatty acid. Based on the
prepared fatty acid the sulfating syntheses were performed.
The product is sulfated fatty acid. The product was character-

ized by FT-IR spectroscopy using a model FT-IR, Spectrum
BX spectrometer using KBr disks and physical–chemical meth-
ods (Table 3).

Five types from surfactants were synthesized in high purity by

the following compositions: [R-CH-(OSO3X)-COOX] (where
X= Na, K, NH4, –NH–CH2–CH2–OH and –N–(CH2–CH2–
OH)2). Sulfated fatty acid was taken at a molar ratio 1:2 with

mono and diethanolamine. The components of reactions were
mixed well for a period 2 h at 50 �C to produce monoethanola-
mine and diethanolamine sulfated fatty acid. The structures

and code numbers of the synthesized surfactants are shown in
Table 4. The freezing temperature of synthesized surfactants
was measured and listed in Table 4.

2.3. Preparation of solutions

The aggressive solution, 1% NaCl solution, was prepared by
dissolving of analytical grade NaCl in distilled water. The con-

centration range of the prepared surfactants was from 10 to
100 ppm by mole used for corrosion measurements. All inhib-
itor solutions were prepared using a mixture of distilled water

and isopropyl alcohol in a ratio 70:30.

2.4. Corrosion measurements

The measurements were performed on the rotating cylinder
electrode (A = 4.55 cm2). This electrode was used for one
time. The reference electrode was a saturated calomel electrode
(SCE) to which all potentials are referred.

Before beginning the experiment, the prepared 1% – of
sodium chloride solution was stirred by a magnetic stirrer
for 30 min in a 1000 ml cell. Then this cell was thermostated

at a temperature range 20–50 �C for 1 h under a pressure of
0.9 bar. The solution was saturated with carbon dioxide. To
remove any surface contamination and air formed oxide, the

working electrode was kept at �1500 mV (SCE) for 5 min in
the tested solution, disconnected and shaken free of adsorbed



Table 1 Chemical composition of mild steel C1018.

Element Si Ni Cr S C P Mn Fe

Content, (wt.%) 0.37 0.01 0.07 0.03 0.18 0.03 0.71 Balance

Table 2 The composition of corn oil (Percent by weight of

total fatty acids).

Fatty acid Composition (%)

Saturated Palmitic acid 11

Stearic acid 2

Mono unsaturated Oleic acid 28

Poly unsaturated Linolenic acid 58

Alpha linolenic acid 1
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hydrogen bubbles and then cathodic and anodic polarizations
were recorded. ACM Gill AC instrument connected with a

personal computer was used for the measurements.

2.4.1. The extrapolation of cathodic and anodic Tafel lines

The extrapolation of cathodic and anodic Tafel lines was

carried out in a potential range ±200 mV with respect to
corrosion potential (Ecorr) at a scan rate of 1 mV/s.
Table 3 Physical and chemical properties of fatty acid and sulfated

Acid Acid number

(mg KOH/g)

Molecular weight

(g/mol)

Fatty acid 147.5 278

Sulfated fatty

acid

284 376

Table 4 List of the synthesized surfactants includes, code number,

Code number of

the surfactants

Name and abbreviation Structure

I Sodium salt of sulfated fatty acid

(SSFA)
R-(CH2

II Potassium salt of sulfated fatty

acid (PSFA)
R-(CH

III Ammonium salt of sulfated fatty

acid (ASFA)
R-(CH2)

IV Monoethanolamine sulfated fatty

acid(MSFA)
R-(CH2)7-CH

O

V Diethanolamine sulfated fatty

acid (DSFA)
R-(CH2)7-CH

O

2.4.2. Linear polarization resistance corrosion rate

The linear polarization resistance (LPR) corrosion rate bub-
ble-test method involves evaluating the corrosion of steel in

simulated brine saturated with CO2 at a temperature equiv-
alent to that in the field. The LPR method is ideal for plant
monitoring offering an almost instantaneous indication of

the corrosion rate, allowing for quick evaluation of remedial
action and minimizing unscheduled downtime. The potential
of the working electrode was varied by a CoreRunning pro-
gramme (Version 5.1.3.) through an ACM instrument Gill

AC. The CoreRunning programme converts a corrosion cur-
rent in mA/cm2 to a corrosion rate in mm/year. A cylindri-
cal mild steel rod of the composition 080A15 GRADE

STEEL was used as a working electrode. Gill AC technol-
ogy allows measure DC and AC signals using standard
Sequencer software. A small sweep from typically �10 to

+10 mV at 10 mV/min around the rest potential is
performed.
fatty acid synthesized based on corn oil.

Iodine number

100 g iodine/g of sample

Density,d204
(kg/m3)

Refraction,

g20
D

46 911 1.4660

– 917 1.4580

name and structure.

Molecular

weight (g /mol)

Freezing

temperature (�C)

)7-CH-(CH2)7-COONa

O SO3Na

420 �19

2)7-CH-(CH2)7-COOK

O SO3K

452 �24

7-CH-(CH2)7-COONH4

O SO3NH4

410 �23

-(CH2)7-CO-NH-CH2-CH2-OH

SO2-NH-CH2-CH2-OH

462 �21

-(CH2)7-CO-N(CH2-CH2-OH)2

SO2-N(CH2-CH2-OH)2

551 �20
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2.4.3. Weight loss measurements

Corrosion inhibition tests were performed using mild steel

specimens. These specimens were washed with deionized water,
degreased with absolute ethanol. The specimens were dried
and kept in a desiccator. The weight loss (in mg cm�2 d�1)

was determined at different immersion times by weighing the
cleaned samples before and after hanging the specimens into
1000 cm3 of the corrosive solution, namely 1% NaCl saturated

with CO2 in a closed beaker with stirring in the absence and
presence of various concentrations of the investigated surfac-
tant. Triplicate specimens were exposed to each condition
and the mean weight loss was reported.

Each experiment was performed with freshly prepared solu-
tion. Measurements were conducted at a temperature range of
20–50 �C for the investigated NaCl solution. For this purpose,

Magnetic Stirrer with Heater (115 V, 50/60 Hz) was used. The
test conditions are summarized in Table 5.

2.4.4. Surface tension measurements

It is of interest to study the micellar properties of solutions of
these compounds in order to correlate their surface active
properties with critical micelle concentration (CMC). The sur-

face tensions were determined by DuNouy Tensiometer, Kruss
Type 8451 and the temperature was maintained precisely at
25 �C. Critical micelle concentration (CMC) values of surfac-

tants were determined, according to the break points in the
plots of the surface tension versus ln molar concentration of
the investigated surfactants.

2.5. Surface characterization

In order to observe any changes in surface morphologies of the
mild steel samples after testing, the specimens were first im-

mersed in the test media with and without an inhibitor for
6 days, then cleaned with bi-distilled water and acetone, and
dried with cool air. Then the morphology of the tested sample

was observed by using HORIBA XGT-7000 – Energy disper-
sive X-ray fluorescence (EDRF) connected with scanning elec-
tron microscope (SEM). The tested samples obtained from

weight loss measurements were used in investigations.
Table 5 Test parameters for corrosion experiments, sur

Material

RCE outer surface area (cm2)

Solution volume (L)

Temperature (�C)
pH

Inhibitor concentration (ppm)

pCO2 (bar)

NaCl concentration (wt%)

CO2 quality

Solution stirring

Scan rate (mV/s)

Inhibitors characterization

Corrosion measurements

Surface characterization
2.6. Thermal analyses

The thermal behavior of inhibitor I was studied by thermo-
gravimetric (TG) and differential scanning calorimetry
(DSC) methods at a temperature interval of 20–600 �C with

a heating rate of 10 K/min in a corundum pan with sample
weighting 10.0 ± 0.1 mg in a flow (40 ml/min) of nitrogen
gas by using Simultaneous TG–DTA/DSC Apparatus ‘‘STA
449 F3 Jupiter’’.

2.7. Methods of evaluation of corrosion parameters

Steady state of open circuit corrosion potential (Ecorr) for the

investigated electrode in the absence and presence of the stud-
ied inhibitor was attained after 60–70 min from the moment of
immersion. Corrosion current density (Icorr) of the investigated

electrodes was determined [25], by extrapolation of cathodic
and anodic Tafel lines to corrosion potential (Ecorr). The inhi-
bition efficiency expressed as percent inhibition (g%) is defined

as:

g% ¼ Iuninh: � Iinh:
Iuninh:

� 100 ð1Þ

where Iuninh. and Iinh. are the uninhibited and inhibited
corrosion currents. The inhibited corrosion currents are those
determined in the presence of the studied surfactants used in

this investigation. The uninhibited corrosion currents were
determined in pure (inhibitor free) CO2-saturated 1% NaCl
solution at the same temperature.
3. Results and discussion

3.1. Chemical structure of the synthesized surfactants

3.1.1. FT-IR spectroscopy

The structural characteristics of purified products of the syn-
thesized acids (fatty acid and sulfated fatty acid) were con-

firmed by FT-IR spectroscopy in the range 4000–500 cm�1,
as shown in Fig. 1. These peaks of fatty acid are in accordance
face characterization and inhibitor characterization.

Mild steel C1018

4.55

1.0

20, 30, 40 and 50

6.76 fi 5.60

10, 25, 50, 75 and 100

0.90

1.0

>99.7%

Stirred

1.0

FT-IR

Physical–chemical methods.

Thermal analyses

Extrapolation of cathodic and anodic Tafel plots

Linear polarization corrosion rate

Wight Loss measurements

EDRF

SEM
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with the characteristic peaks of fatty acid reported in the liter-
atures [26]. The peak at about 1709 cm�1 is due to the C‚O
carbonyl group of the carboxylic group, whereas the peak at

1550 cm�1 arises due to C‚C bond. This bond was broken
after the sulfating process. The peak at 1377 cm�1 is due to
S–O stretching absorption bands. It indicates the almost com-

plete removal of the C‚C bond by the addition process.

3.1.2. Physical–chemical methods

Physical and chemical properties of fatty acid and sulfated

fatty acid synthesized based on corn oil were studied and listed
in Table 3. The data showed that, the acid number increased
from 147.5 to 284 and no reaction with iodine after the sulfat-

ing process. These results confirmed, the complete removal of
the C‚C bond by the sulfating process and the formation of
sulfated fatty acid.

From Table 4, it has been shown that, the freezing point of
the synthesized inhibitors ranged between �24 and �19 �C, so
that, these inhibitors can be used in countries with low
temperatures.

3.1.3. Thermal analyses

Fig. 2 shows the TGA curves for the sodium salt of sulfated

fatty acid (inhibitor I), results show that the evolution of
composite material occurred through a three step process,
It is seen that the first step for the total water loss was equal
to 5.4% and 1st derivative of TG (DTG) revealed that the

maximum water loss found at 140 �C can be linked to the
loss of water of crystallization which is accompanied with
a small endothermic in the DSC curve. In the second and

third steps, the residual masses were 69%, 66% at 320,
528 �C, respectively and this is probably due to the decom-
position of carboxylic acid (–C(‚O)O) and the alkyl chain

which is in a good agreement with the DSC peaks at 445,
545 �C. In the final step the residual mass was 61.19% at
578.9 �C which is related to the sulfated group (–O–SO3).
No sharp peaks of the DSC curves were seen up to

600 �C, showed that this salt did not undergo a significant
change after this temperature.
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Figure 1 FTIR spectrum of (a) fatty acids derived fr
3.2. Weight loss measurements

Fig. 3 shows the variation of the weight loss (in mg cm�2 d�1)
of mild steel with the immersion time in CO2-saturated brine in
the absence and presence of various concentrations (10–

100 ppm) of inhibitor V (as example) at 50 �C. It is obvious
from Fig. 3 that, the weight loss decreased, and therefore the
corrosion inhibition strengthened, with increase in inhibitor
concentration. This trend may result from the fact that adsorp-

tion and surface coverage increases with the increase in con-
centration; thus the surface is effectively separated from the
medium [27].

As a result the surface coverage (h) of compounds is
increasing more clearly. This surface coverage (h) is calculated
using the following equation:

h ¼W0 �W

W0

ð2Þ

where W0 and W are the weight losses per unit area in the ab-
sence and presence of the inhibitor, respectively. The percent-
age inhibition efficiency, (g%), of the surfactants is calculated
by applying the following equation [28,29].

g% ¼W0 �W

W0

� 100 ð3Þ

The effect of the inhibitor concentration on the corrosion
rate was examined; detailed experimental results were graphi-
cally represented in Fig. 4. At a given temperature (50 �C), a
general trend is observed in the presence of the investigated
inhibitors, a decrease in the weight loss of mild steel in the
presence of these additives even at low concentration

(10 ppm) compared to the blank (inhibitor free solution). By
increasing the concentration of the surfactants, a further de-
crease in weight loss of mild steel was observed. The maximum

inhibition efficiency (g%) for studied surfactants was obtained
at 100 ppm, reach values close to their critical micellar concen-
tration (CMC).

The results also indicate, that the percentage inhibition effi-

ciency (g%) of the inhibitor (V) is greater than that of the
ber, cm-1
2000 1600 1200 800 400

1215 cm-1
1377 cm-1

m-1

1550 cm-1

om corn oil, (b) fatty acid after sulfating process.



Figure 2 TG, DTG and DSC curves of the sodium salt of sulfated fatty acid (inhibitor I) in a flow of N2 gas.
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Figure 3 Weight loss–time curves of mild steel in CO2–saturated brine in the absence and presence of different concentrations of

inhibitor (V) at 50 �C.
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other inhibitors. The inhibition efficiency of the surfactants de-
creases in the following order: V> IV > III > I > II. The
highest inhibition efficiency of inhibitor V may be attributed
to the following reasons:

I. The higher electron density on the functional groups
leads to easier bond formation, greater adsorption,

and consequently, higher inhibition.
II. The increase of the hydrocarbon chain length in the sur-
factant molecule means a more bulky molecule, which

screens the surface from attack [30].

3.3. LPR corrosion rate

Figs. 5 and 6 show that, the change in corrosion rate (CR) with
time for mild steel in CO2-saturated 1% NaCl solution
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containing different concentrations form inhibitors I and V at
50 �C (as examples). The inhibitor was added after 1 h of expo-

sure because at this time the corrosion potential got stable,
allowing the measurement of the CR prior the injection of
the inhibitor. The initial corrosion rate, without inhibitor,

was measured to be between 2.59 and 3.784 mm/year. It can
be observed from Figs. 5 and 6 that the CR, in the absence
of inhibitor, tends to increase with time. The increase in CR

has been attributed to the galvanic effect between the ferrite
phase and cementite (Fe3C) which is a part of the original steel
in the non-oxidized state and accumulates on the surface after
the preferential dissolution of ferrite (a-Fe) into Fe2+ [31].

Fe3C is known to be less active than the ferrite phase. There-
fore, there is a preferential dissolution of ferrite over cementite,
working the former as the anode and the latter as the cathode,

favoring the hydrogen evolved reaction (HER) during the cor-
rosion process [32,33].

Variation of the corrosion rate for inhibitors I and V at dif-

ferent concentrations is presented in Figs. 5 and 6. Corrosion
parameters were calculated on the basis of LPR corrosion rate
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test. The inhibition efficiency (g%) and surface coverage (h)
were calculated according to the following equations:

g% ¼ CR0 � CRi

CR0

� 100 ð4Þ

SurfacecoverageðhÞ ¼ h ¼ 1� CRi

CR0

ð5Þ

where CR0 is the corrosion rate without inhibitor and CRi is
the corrosion rate when the inhibitor is present. It can be seen

that the presence of inhibitors results a high decrease in the
rate of corrosion. In the case of these inhibitors, the corrosion
rate decreases as the inhibitor concentration increases, getting

maximum inhibition efficiency that ranged between 98.55%
and 99.95% at 100 ppm after 20 h of exposure (Table 6). This
trend may result from the fact that adsorption and surface cov-
erage increase with the increase in concentration; thus the sur-

face is effectively separated from the medium [34].
Table 6 shows the calculated values of corrosion rates, the

inhibition efficiencies and the surface coverage in the absence

and presence of different concentrations of different inhibitors
at 50 �C. The data exhibited that, the corrosion rates, the inhi-
bition efficiencies and the surface coverage are found to de-

pend on the concentrations of the inhibitors. The corrosion
rate (CR) is decreased, and the inhibition efficiencies (g%)
and the surface coverage (h) are increased with the increase

of the surfactant concentrations. This indicates that the inhib-
itory action of the inhibitors against mild steel corrosion can
be attributed to the adsorption of these molecules on the metal
surface, limits the dissolution of mild steel, and the adsorption

amounts of surfactants on mild steel increase with concentra-
tions in the corrosive solutions.

Fig. 7 shows the variation of the corrosion rate with time

for mild steel in CO2-saturated 1% NaCl solution containing
100 ppm from different surfactants at 50 �C. This plot indi-
cates that, the presence of different inhibitors decreases the

rate of corrosion. However, the maximum decrease in the cor-
rosion rate was observed for inhibitor (V) and the inhibition
efficiency of the investigated inhibitors was increased in the fol-
lowing order: V> IV> III > I > II (after 20 h). This could

be attributed to the increase of the electron densities and the
molecular size [35].

3.4. Extrapolation of cathodic and anodic Tafel lines

Fig. 8 shows the influence of inhibitor V concentrations on the
Tafel cathodic and anodic polarization characteristics of mild

steel in CO2-saturated solution at a scan rate of 1 mV/s and at
50 �C. Corrosion parameters were calculated on the basis of
cathodic and anodic potential versus current density character-

istics in the Tafel potential region [36,37]. The values of the
corrosion current density (Icorr) for the investigated metal with-
out and with the inhibitor were determined by the extrapola-
tion of cathodic and anodic Tafel lines to the corrosion

potential (Ecorr). It can be seen that the presence of surfactant
molecules results in a marked shift in both cathodic and anodic
branches of the polarization curves toward lower current den-

sities. This means that, the inhibitors affect both cathodic and
anodic reactions. It was found that, both anodic and cathodic
reactions of mild steel electrode corrosion were inhibited with

increasing concentration of the synthesized inhibitors. These
results suggest that not only the addition of synthesized inhib-
itors reduce anodic dissolution but also retard the hydrogen

evolution reaction. The results showed that the inhibiting ac-
tion of these inhibitors on both cathodic and anodic processes
seems to approximately be equal. The inhibitor may decrease
the corrosion through the reduction of mild steel reactivity.

According to this mechanism, a reduction of either the anodic
or the cathodic reaction or both arises from the adsorption of
the inhibitor on the corresponding active sites [38].

The electrochemical parameters Ecorr, Icorr, inhibition effi-
ciency (g%), anodic and cathodic Tafel slopes (ba, bc) obtained
from the polarization measurements were listed in Table 7. The

data exhibited that, the corrosion current density (Icorr)
decreases, and the inhibition efficiency (g%) increases as the
concentration of inhibitors is increased. These results suggest



Table 6 The corrosion parameters for mild steel electrode in CO2-saturated solution in the absence and presence of various

concentrations of inhibitors at 50 �C.

Inhibitors code Surfactant

concentration (ppm)

Corrosion

rate (mm/year)

Surface

coverage (h)
The inhibition

efficiency, (g%)

CO2-saturated 1% NaCl

solution without inhibitor

0.0 3.784 – –

I 10 0.685 0.81 81.1

25 0.501 0.86 86.7

50 0.332 0.91 91.2

75 0.135 0.96 96.4

100 0.010 0.99 99.7

II 10 0.715 0.81 81.0

25 0.559 0.85 85.2

50 0.404 0.89 89.3

75 0.161 0.95 95.7

100 0.054 0.98 98.5

III 10 0.583 0.84 84.5

25 0.449 0.88 88.1

50 0.223 0.94 94.0

75 0.117 0.96 96.8

100 0.004 0.99 99.8

IV 10 0.374 0.90 90.0

25 0.279 0.92 92.6

50 0.179 0.95 95.2

57 0.068 0.98 98.1

100 0.002 0.99 99.9

V 10 0.324 0.91 91.4

25 0.238 0.93 93.6

50 0.146 0.96 96.1

75 0.043 0.98 98.8

100 0.001 0.99 99.9
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that retardation of the electrodes processes occurs, at both
cathodic and anodic sites, as a result of coverage of these sites

by surfactant molecules. However, the maximum decrease in
Icorr was observed for (V). This could be attributed to the in-
crease of the electron densities and the molecular size [35,39].

The increase of inhibitor efficiency with increasing of the con-
centration can be interpreted on the basis of the adsorption
amount and the coverage of surfactant molecules, increases

with increasing concentrations [40]. The Ecorr values of all syn-
thesized inhibitors were shifted slightly toward both cathodic
and anodic directions and did not show any definite trend in
CO2-saturated brine. This may be considered due to the

mixed-type behavior of the studied inhibitors. The shift in Ecorr

that is characteristic of anodic and anodic/cathodic inhibitors
is observed[41]. It was explained that this shift in Ecorr is due to

an active site blocking effect that occurs when an inhibitor is
added [42]. In the case of CO2 corrosion the anodic and catho-
dic reactions are due the oxidation of iron and the reduction of

hydrogen, respectively [43]. If it is considered that the active
sites on the metal surface are the same for both reactions be-
fore adding the inhibitor, it is logical that the change in Ecorr

occurs when the inhibitor is present because its adsorption

changes those active sites and therefore the anodic and catho-
dic reaction rates [44].

The fact is that the slopes of the cathodic (bc) and anodic

(ba) Tafel lines in Table 7 are approximately constant and
independent of inhibitor concentration. These results indicate
that these inhibitors act by simply blocking the available

surface area. In other words, the inhibitor decreases the surface
area for corrosion of the investigated metal, and only causes
inactivation of a part of the surface with respect to the corro-

sive medium [40]. On the other hand, the anodic Tafel slopes
(ba) are also found to be greater than the respective cathodic
Tafel slopes (bc). These observations are correlated with the

fact that the anodic exchange-current density values are less
than those of the cathodic counter parts. It can be concluded
that the overall kinetics of corrosion of the mild steel alloy

in CO2 saturated solution is under anodic control.
Data in Table 7 show that the inhibition efficiency in-

creased with increasing the inhibitor concentrations. The inhi-
bition efficiency of the investigated inhibitors was increased in

the following order: V> IV> III> I> II. The inhibition
efficiencies are in a good agreement with those calculated from
the weight loss measurements and the LPR corrosion rate.

The high inhibition efficiency obtained in CO2-saturated
solution in the presence of studied inhibitors by all investigated
methods can be attributed to the formation of a protective film

of iron carbonate (FeCO3) as follows [45]:

CO2ðgÞ $ CO2ðaqÞ ð6Þ

CO2ðaqÞ þH2O$ H2CO3ðaqÞ ð7Þ

H2CO3ðaqÞ $ Hþ þHCO�3 ð8Þ

HCO�3 $ Hþ þ CO2�
3 ð9Þ

The anodic dissolution for iron in carbonic acid solutions
gives ferrous ions [45].
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Fe$ Fe2þ þ 2e� ð10Þ

According to these processes, a corrosion layer was formed
on the steel surface. The properties of the formed layers and its
effect on the corrosion rate are important factors to take into

account when studying the corrosion of steel in CO2 environ-
ments. Ogundele and White suggested that, iron carbonate,
FeCO3, may be important in the formation of protective layers
on the steel surface [46]. The formation of iron carbonate can

be explained by using the following equation [47].
Fe2þ þ CO2�
3 ! FeCO3 ð11Þ
3.5. Surface tension and surface active properties

The main importance of the critical micelle concentration
(CMC) consists of the fact that at this concentration, most

of the physical and chemical properties of the surfactant solu-
tions present an abrupt variation. The values of surface tension
(c) were measured at 298 K for various concentrations of the



Table 7 Corrosion parameters obtained from Tafel polarization for mild steel in CO2-saturted solution in the absence and presence of

different concentrations of the prepared surfactants at 50 �C.

Inhibitors code Conc. of inhibitor (ppm) Ecorr (mV(SCE)) Icorr (lA cm�2) ba (mV dec�1) �bc (mV dec�1) h g%

Absence 0.0 �689 2100 175 124 – –

I 10 �665 412 172 120 0.80 80.3

25 �681 296 169 121 0.85 85.8

50 �651 203 175 121 0.90 90.2

75 �649 95 173 123 0.95 95.4

100 �641 26 165 122 0.98 98.7

II 10 �661 414 175 117 0.80 80.2

25 �655 328 176 121 0.84 84.3

50 �660 243 185 118 0.88 88.4

75 �649 109 180 120 0.94 94.7

100 �637 51 181 119 0.97 97.5

III 10 �662 341 165 121 0.83 83.7

25 �651 267 172 125 0.87 87.2

50 �654 144 166 122 0.93 93.1

75 �647 85 171 124 0.95 95.9

100 �634 23 169 123 0.98 98.8

IV 10 �665 227 177 124 0.89 89.1

25 �653 174 180 128 0.91 91.6

50 �661 119 178 125 0.94 94.2

75 �641 58 177 127 0.97 97.2

100 �632 22 171 126 0.98 98.9

V 10 �660 199 173 125 0.90 90.5

25 �673 152 185 130 0.92 92.7

50 �643 101 180 127 0.95 95.1

75 �635 44 172 128 0.97 97.8

100 �623 21 179 126 0.98 98.9
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Figure 9 Change of surface tension (c) with the concentration of the surfactants at 298 K.
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surfactants. The measured values of (c) were plotted against
the surfactant concentration, ln C (Fig. 9). This figure showed
two characteristic regions. The first at low concentrations and

characterized by continuous decrease of the surface tension
values due to the adsorption of surfactant molecules at the
interface. The second region locates at higher surfactant con-

centrations where the surface tension values are almost stable
[48,49]. The intercept of the two straight lines designates the
critical micelle concentration (CMC), where saturation in the

surface adsorbed layer takes place. The surface active proper-
ties of the surfactants; effectiveness (pcmc), maximum surface
excess (Cmax) and minimum area per molecule (Amin) were cal-
culated using the following equations [50]:

pcmc ¼ c0 � ccmc ð12Þ

Cmax ¼
�1

RT½@c=@ lnC�T
ð13Þ

Amin ¼
1

Cmax �NA

ð14Þ

where oc/olnC is the maximum slope, c0 is the surface tension

of pure water, ccmc is the surface tension at critical micelle con-
centration, NA is the Avogadro’s number (6.023 · 1023 mole-
cules/mol), R is the molar gas constant (R= 8.314 J/mol K)
and T is the absolute temperature.

The standard free energy of micellization and adsorption is
given by [51]:

DG
�

mic ¼ RT ln CMC ð15Þ

DG
�

ads ¼ DG
�

mic � 0:6023pCMCAmin ð16Þ

The data obtained from surface tension measurements were

summarized and presented in Table 8. The values of effective-
ness (pcmc) at 298 K indicate that the prepared compounds give
Figure 10 Schematic representation of the inhibitor adsorption o

concentration. (b) Hemimicelle formation at higher concentration. (c)

Table 8 The critical micelle concentration and surface parameters

Inhibitors code CMC (mM) ccmc (mN m�1) pcmc (mN m�1) Cma

I 0.27 6.98 65.02 5.01

II 0.24 10.61 61.39 6.99

III 0.37 15.06 56.94 7.63

IV 0.33 12.52 59.48 8.39

V 0.25 11.92 60.08 8.33
large reduction of surface tension at CMC, so that, these com-
pounds act as effective corrosion inhibitors for mild steel in
CO2-saturated brine.

From Table 8 it can be seen that the values of DG
�

mic and
DG

�

ads are always negative, indicating the spontaneity of these
two processes, but there is more increase in negativity of

DG
�

ads than of DG
�

mic, indicating the tendency of the molecules
to be adsorbed at the interface [51].

3.6. Effect of surfactant concentration on corrosion inhibition

The data obtained from all the used methods are in a good
agreement with each other. The inhibition efficiency increased

as the surfactant concentrations are increased as shown in Ta-
bles 6 and 7. It was obvious that, the inhibition efficiency for
inhibitor V (as an example) at 10 ppm was 91.4%; at 50 ppm
was 96.12% and at 100 ppm was 99.95% indicating that, there

was an ascending order in the inhibition efficiency with increas-
ing concentration for all the surfactant inhibitors. Conse-
quently, the corrosion rate was concentration dependent. In

more detail, in low concentrations, the surfactant monomers
were adsorbed as individual ions/molecules without mutual
interactions. At higher concentrations, tail–tail interactions of

surfactants may begin to cause an association of aggregates ad-
sorbed into an additional coverage beyond the monolayer, i.e.
admicelles or bilayer formation. The surfactant monomers head
groups of the first layer face the surface while those of the sec-

ond layer face the bulk solution. Thus the increase in concentra-
tion of surfactant solutions increases the surface coverage from
coverage at lower surfactant to bilayer coverage at higher sur-

factant concentrations. Fig. 10 shows a schematic representa-
tion of the inhibitor adsorption on mild steel surface (10a),
adsorption as single molecule at low concentration (10b), hem-

imicelle formation at higher concentration (10c), and formation
of multi-layers at very high concentrations [19,52].
n mild steel surface. (a) Adsorption as single molecule at low

Formation of multi-layers at very high concentration.

of the synthesized surfactants.

x (mol cm�2)·10�10 Amin (nm2) DG
�

mic (kJ/mol) DG
�

ads (kJ/mol)

0.331 �20.3 �33.2
0.234 �20.6 �29.3
0.217 �19.5 �27.0
0.197 �19.8 �26.8
0.199 �20.4 �27.7
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The adsorption of synthesized surfactants on the metal sur-
face can occur either directly on the basis of donor–acceptor
interactions between the oxygen or sulfur groups and the va-

cant d-orbitals of steel surface atoms (inhibitors I, II and III)
or an interaction of organic nitrogen compounds (inhibitors
IV and V) with already adsorbed groups. Immediately
afterward, as the corrosion reaction starts, ferrous ion is

surrounded by two oxygen atoms at Fe–O(COO�) and Fe–
O(OSO3

�) as explained in Fig. 11. These results were con-
firmed by FT-IR. The data for inhibitor I (SSFA) showed that,

S‚O stretching frequency drops from the level of 1350 cm�1

to the level of 1320 cm�1. This suggests that the electron cloud
of S‚O is shifted from S‚O up to Fe2+ resulting in the for-

mation of Fe2+–SSFA complex on the metal surface.
There was an increase in the efficiency of corrosion inhibi-

tion with increasing concentration, since the adsorption of
C‚O, oxygen, nitrogen and sulfur groups onto the metal sur-

face was stronger, and effectively protecting the surface. Con-
clusively, the surfactant inhibitor, having near unity h (see
Tables 6 and 7), was considered as a good physical barrier

shielding the corroding surface from corrosive medium and
dumping the corrosion rate of mild steel significantly.

3.7. Adsorption isotherm and thermodynamic parameters for the
corrosion process

Classical adsorption isotherms have been used extensively in
the study of adsorption of organic substances onto steel elec-

trodes. It is widely acknowledged that they provide useful in-
sights into the mechanism of corrosion inhibition [53]. A
determination of the type of adsorption isotherm itself pro-

vides information on the adsorption process such as surface
coverage, adsorption equilibrium constant and information
on the interaction between the organic compound and elec-

trode surface [24].
The interaction between the inhibitors and mild steel sur-

face can be described by the adsorption isotherm. During cor-

rosion inhibition of metals, the nature of the inhibitor on the
corroding surface has been deduced in terms of adsorption
characteristics of the inhibitor. Furthermore, the solvent
(H2O) molecules could also be adsorbed at metal/solution

interface. So the adsorption of surfactants molecules from
aqueous solution can be regarded as a quasi-substitution pro-
cess between the organic compounds in the aqueous phase

[Surfactant(sol.)] and water molecules at the electrode surface
[H2O(ads)] [54]:

Surfactantðsol:Þ þmH2Oðads:Þ ¼ Surfactantðads:Þ þmH2Oðsol:Þ

ð17Þ

where m is the size ratio, that is, the number of water molecules
replaced by one organic inhibitor. Basic information on the
interaction between the inhibitor and the mild steel surface
can be provided by the adsorption isotherm. In order to obtain
the isotherm, the linear relation between the degree of surface

coverage (h) and inhibitor concentration (C) must be found.
Attempts were made to fit the h values to various isotherms
including Langmuir, Temkin, Frumkin and Flory–Huggins.

By far the best fit was obtained with the Langmuir isotherm.
The Langmuir isotherm is based on the assumption that all
adsorption sites are equivalent and that particle binding occurs

independently from nearby sites, whether occupied or not [55].
According to this isotherm, h is related to C by:

Cinh

h
¼ Cinh þ

1

Kads

ð18Þ

where Kads is the equilibrium constant of the inhibitor adsorp-
tion process and Cinh is the surfactant concentration.

Fig. 12 shows the plots of C/h against inhibitor concentra-
tions (C) at 323 K and the expected linear relationship is ob-
tained for all surfactants with excellent correlation
coefficients (R2) (Table 9), confirming the validity of this ap-

proach. The slopes of the straight lines are unity, suggesting
that adsorbed surfactant molecules form a monolayer on the
mild steel surface and there is no interaction among the ad-

sorbed inhibitor molecules.
The values of Kads obtained from the Langmuir adsorption

isotherm are listed in Table 9, together with the values of the

Gibbs free energy of adsorption (DG
�

ads) calculated from [54]:

Kads ¼
1

55:5
exp �DG

�

ads

RT

� �
ð19Þ

where R is the universal gas constant, T is the thermodynamic

temperature and the value of 55.5 is the concentration of water
in the solution [56].

The high values of Kads for studied surfactants indicate
stronger adsorption on the mild steel surface in CO2-saturated

solution. It is also noted that, the high values of Kads for sur-
factants V and IV indicate stronger adsorption on the mild
steel surface than the surfactants I, II and III. This can be sim-

ply explained by the presence of additional donor atoms, such
as nitrogen, in the appended functional groups. Large values
of Kads imply more efficient adsorption and hence better inhi-

bition efficiency [57]. The large value of Kads obtained for the
studied surfactants agree with the high inhibition efficiency
obtained.

Generally, values of DG
�

ads up to �20 kJ mol�1 are consis-

tent with physisorption, while those around �40 kJ mol�1 or
higher are associated with chemisorption as a result of the
sharing or transfer of electrons from organic molecules to

the metal surface to form a coordinate bond [58,59]. In the
present study, the values of DG

�

ads obtained for the studied sur-
factants on mild steel in CO2-saturated solution ranges be-

tween �42.54 and �44.12 kJ mol�1, which are more than
�40 kJ mol�1 (Table 9). These results indicate that the adsorp-
tion mechanism of surfactants on mild steel in CO2 saturated
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Table 9 Thermodynamic parameters for the adsorption of the studied surfactants on mild steel electrode in CO2-saturated solution.

Inhibitors code Slope Regression coefficients, R2 Kads, M
�1 DG

�

ads (kJ mol�1) DH
�

ads: (kJ/mol) DS
�

ads: (J/mol K)

I 1.03 0.9876 8.65 · 104 �42.9 �42.6 11.0

II 1.08 0.9893 8.16 · 104 �42.5 �42.1 11.4

III 1.03 0.9512 8.79 · 104 �43.0 �42.6 10.7

IV 1.02 0.9773 11.82 · 104 �43.7 �43.3 10.6

V 1.01 0.9862 13.84 · 104 �44.1 �43.7 11.4
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solution is typical of chemisorption at the studied tempera-
tures. Chemisorption of the surfactant molecules could occur

due to the formation of links between the d orbital of iron
atoms, involving the displacement of water molecules from
the metal surface, and the lone sp2 electron pairs present on

the N, S and/or O atoms of the inhibitor. The high and nega-
tive values obtained for DG

�

ads indicate that the adsorption pro-
cess takes place spontaneously by strong interactions between

the inhibitor and the steel surface, as was suggested by the ob-
tained values of Kads. Thermodynamically, DG

�

ads is related to
the enthalpy and entropy of adsorption process, DH

�

ads: and
DS

�

ads:, respectively, by the equation:

DG
�

ads: ¼ DH
�

ads: � TDS
�

ads: ð20Þ

Fig. 13 shows the plot of DG
�

ads vs. T which gives a straight
line with an intercept of DH

�

ads: and a slope of �DS
�

ads: [60].
Adsorption is generally accompanied by the release of energy,

that is, most adsorption processes are exothermic in nature. An
endothermic adsorption process ðDH�

ads: > 0Þ signifies unequiv-
ocally chemisorption, while an exothermic adsorption process

ðDH�

ads: < 0Þ may involve either physisorption or chemisorp-
tion or a mixture of both the two processes [57,60]. The calcu-
lated values of DH

�

ads:, DS
�

ads: for mild steel in CO2-saturated
solution containing various concentrations from surfactants
are listed in Table 9. The negative value of DH

�

ads:indicates that,

the adsorption of the inhibitor molecule is an exothermic pro-
cess [61]. The magnitude of positive DS

�

ads: and negative DH
�

ads:

values indicate the occurrence of a replacement process during

adsorption of inhibitor molecules on the mild steel surface [62].

3.8. Effect of temperature on the corrosion inhibition

In order to gain more information about the type of adsorp-
tion and the effectiveness of the studied inhibitors at higher
temperatures, cathodic and anodic Tafel polarizations were
performed at different temperatures (20–50 �C) for mild steel

in CO2-saturated 1.0% NaCl solution without and with se-
lected concentrations of the studied surfactants. The data in
Fig. 14 exhibit that the inhibition efficiency for mild steel in

the presence of inhibitors I and V (as example) increases with
increasing temperature, indicate that the inhibitors are more
effective at higher temperatures up to 50 �C. This behavior

may be due to the increase in the strength of adsorption pro-
cess at higher temperatures, suggesting that chemisorption
may be the type of adsorption of the inhibitors molecules on

mild steel surface. Thus, the predominance of corrosion



G
ad

s, 
kJ

 m
ol

-1

290 295 300 305 310 315 320 325
-44.2

-44.0

-43.8

-43.6

-43.4

-43.2

-43.0

-42.8

-42.6

-42.4

-42.2

-42.0

-41.8

-41.6

Temperature, K

I
II
III
IV
V

Figure 13 Variation of DG
�

ads vs. T on mild steel in CO2-saturated brine containing the surfactant inhibitors.

76

80

84

88

92

96

100

0 10 20 30 40 50 60 70 80 90 100 110

88

92

96

100

(b)

(a)

 20 oC
 30 oC
 40 oC
 50 oC

 20 oC
 30 oC
 40 oC
 50 oC

In
hi

bi
tio

n 
ef

fic
ie

nc
y,

 (η
%

)

Concentration, ppm 

Figure 14 Effect of various concentrations of (a) inhibitor I (b) inhibitor V on the inhibition efficiency of mild steel in CO2-saturated

solution at different temperatures.

A study of the corrosion inhibition of mild steel C1018 in CO2-saturated brine 465



3.05 3.10 3.15 3.20 3.25 3.30 3.35 3.40 3.45
-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

 0.0 ppm 
 10  ppm 
 25  ppm 
 50  ppm 
 75  ppm 
 100 ppm 

 0.0 ppm 
 10  ppm 
 25  ppm 
 50  ppm 
 75  ppm 
 100 ppm 

(b)

(a)

log
I cor

r, A
/cm

2
log
I cor

r, A
/cm

2

1/T, K-1 × 10-3

Figure 15 Arrhenius plots for mild steel corrosion in CO2-saturated brine containing various concentrations of (a) inhibitor I and (b)

inhibitor V.

Table 10 Apparent activation energy in kJ/mol for mild steel

in CO2-saturated solution containing various concentrations of

inhibitors I and V.

Inhibitors code Concentration (ppm) Ea (kJ/mol)

Without inhibitor 0.0 30.62

I

10 29.73

25 29.31

50 24.01

75 18.53

100 10.46

V

10 25.93

25 21.85

50 19.75

75 7.36

100 4.97
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inhibition for mild steel using studied surfactants, suggests an
appreciable contribution to the inhibition process via the for-

mation of Fe2+-surfactants complex on the metal surface.
However, increasing the solution temperature (inhibited

and blank solution) leads to an increase in the current density

values. Moreover slight cathodic shifts are observed in Ecorr

values at higher temperatures (not mentioned in the text). This
result reflects enhancement of the cathodic hydrogen evolution

reaction with temperature. Similar results were obtained by
Hassan [60] for corrosion inhibition of mild steel by triazole
derivatives in HCl solution .The increase of corrosion rate is
pronounced with a rise of temperature [63]. However, the val-

ues of g% increase with temperature until reaching their pla-
teau value at about 99.8% for inhibitor V at 100 ppm and
50 �C.

Arrhenius plots for mild steel in the absence and presence
of investigated inhibitor in 1% solution of NaCl saturated with
CO2 are shown in Fig. 15. The activation energy can be ex-

pressed by the Arrhenius equation:

log Icorr ¼ log A� Ea

2:33R

1

T
ð21Þ

where Icorr is the corrosion current density obtained from Tafel

plot, A is an Arrhenius pre-exponential factor, Ea is the appar-
ent activation energy of the corrosion process, T is the absolute
temperature and R is the universal gas constant [64]. Some rel-
evant information about the adsorption mechanism of the



Figure 16 EDRF analysis of mild steel electrode surface (a) and SEM picture of mild steel electrode surface at magnification · = 1000

(b).

Figure 17 EDRF analysis of mild steel electrode surface after immersion in CO2-saturated brine for 6 days without inhibitor (a) and

SEM picture at the same conditions at magnification · = 1000 (b).
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inhibitor can be obtained by comparing Ea both in the absence
and presence of the corrosion inhibitor.

Values of the apparent activation energy of corrosion for
mild steel in CO2 saturated brine in the absence and presence
of different concentrations of inhibitors I and V (as examples)
were determined from the slope of log Icorr vs. 1/T plots and

are given in Table 10. Activation energy value of the corrosion
process in the absence of the inhibitor in 1.0% NaCl saturated

solution is 30.62 kJ mol�1, which is close to the value obtained
by Okafor et al. (28.60 kJ mol�1) [3].

The activation energy decreases as the concentration of

inhibitors increases from 10 to 100 ppm. This can be explained
as due to the enhancement of the inhibitor adsorption onto the
metal surface at higher temperatures. Thus an increase in the



Figure 18 EDRF analysis of mild steel electrode surface after immersion in CO2-saturated brine + 100 ppm inhibitor I for 6 days (a)

and SEM picture at the same conditions at magnification · = 1000 (b).

Figure 19 EDRF analysis of mild steel electrode surface after immersion in CO2-saturated brine + 100 ppm inhibitor II for 6 days (a)

and SEM picture at the same conditions at magnification · = 1000 (b).
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surface coverage of mild steel is expected. Similar results are
obtained by Hassan [60] for corrosion inhibition of mild steel

by triazole derivatives in HCl solution. Moreover, the values
obtained for inhibitor V are lower than those obtained for
inhibitor I in CO2 containing brine which confirms that the

inhibition efficiency of inhibitor V is slightly higher than that
of inhibitor I. This behavior may be due to the slow rate of
inhibitor adsorption with a resultant closer approach to equi-
librium during the experiments at higher temperature [65]. One

can conclude that, the decrease in activation energy with
increasing additive concentration, in addition to the increase
in g% in the presence of inhibitor with temperature, are

suggestive of chemisorption of the inhibitor molecules on the
metal surface [66].
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3.9. Surface characterization

Fig. 16a shows an EDRF spectroscopy for mild steel surface.
The characteristic peaks are related to the metals which are
present in the alloy. In the absence of inhibitors, Fig. 17a

exhibits the characteristic peaks which are related to Fe, Mn,
P, Cr and oxygen elements. This indicated that the corrosion
product on mild steel surface being metal oxide. However,
the data in Figs. 18, 19a in the presence of 100 ppm of inhib-

itors I and II show additional peaks characteristic of Na and
K elements, and the lower peaks height of Fe than those ob-
served in the absence of inhibitors. This result proved that

the adsorption of inhibitor molecule on mild steel surface leads
to a decrease of metal oxide layer, and higher concentration of
the inhibitor is necessary to delay the corrosion process.

Fig. 16b shows the SEM image of the mild steel surface.
The micrograph shows the brightness of the electrode surface
without any inclusions. Figs. 17–19b show SEM micrographs

of the passive film formed on the mild steel surface after
immersion in 1% NaCl saturated with CO2 for 6 days in the
absence and presence of inhibitors I and II. In the absence
of inhibitors (Fig. 17b), the results exhibited that a thick por-

ous layer of the corrosion product (oxide film) covered all elec-
trode surfaces; the surface was strongly damaged, so that the
electrode surface cannot be seen. Figs. 18, 19b show SEM of

the electrode surface in the presence of 100 ppm of the inhibi-
tors I and II. The micrographs revealed that, most of the elec-
trode surface is covered by a protective layer and surface

became free from damages and is smooth. This suggests that
the inhibitor is strongly adsorbed on the mild steel surface,
and this hinders the corrosion process and also confirms the
highest inhibition efficiency of the prepared surfactants.

From quantitative analysis it can be observed that, there is
a dramatic decrease in the thickness layer of iron over depth
after the corrosion process in aggressive media without inhib-

itors, but in the presence of 100 ppm of inhibitors I and II, it is
increased to 13.27 and 13.17 mm for inhibitors I and II, respec-
tively. The quantitative analysis showed that, due to the pres-

ence of inhibitors in CO2-saturated brine an adsorbed layer is
formed on the metal surface, which successfully inhibits corro-
sion processes.

4. Conclusions

Weight loss, LPR corrosion rate, extrapolation of cathodic

and anodic Tafel lines and surface tension methods were em-
ployed to study the corrosion inhibition of mild steel in CO2-
saturated 1% NaCl solution using some surfactants as corro-
sion inhibitors. The principal conclusions are:

1. The structures of synthesized surfactants were con-
firmed by physical–chemical spectroscopic methods

and thermal analyses.
2. All studied surfactants were found to be effective inhib-

itors for mild steel corrosion in CO2-saturated

solutions.
3. The data obtained from all the used methods are in a

good agreement with each other. The inhibition effi-

ciency increased as both concentration of the inhibitor
and temperature are increased.
4. The corrosion process is inhibited by the adsorption of

these surfactants on mild steel surface. Inhibition effi-
ciency was found to be in the following order:
V> IV> III > I > II.

5. The adsorption of synthesized surfactants on mild steel
surface obeyed the Langmuir adsorption isotherm. The
values of the free energy for the adsorption process
indicate that, the studied surfactants are chemically

adsorbed on the metal surface.
6. The activation energy (Ea) decreases as inhibitor con-

centration increases. This can be explained as due to

the enhancement of the inhibitor adsorption onto metal
surface at higher temperatures.

7. SEM and EDRF observations of the electrode surface

showed a good protective film present on the metal sur-
face and also confirm the highest inhibition efficiency
of the prepared surfactants.

Finally, all experimental results show that, the synthesized
surfactants are good, safe and cheaper inhibitors for steel
C1018 in CO2 environments.
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