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Abstract The inhibition of the corrosion of N80 mild
steel by 2-undecyl-1-1-ethylamino-1-ethylcarboxyl qua-
ternary imidazoline (CQI) in CO,-saturated 3% NaCl and
3% Na,SO, solutions was studied using electrochemical
methods. Inhibition efficiency increased with increase in
CQI concentration and synergistically increased in the
presence of halide ions. CQI inhibited the corrosion reac-
tion by chemical adsorption on the metal/solution interface
in halide free solutions and by a combination of chemical
and coulombic attraction in the presence of halide ions.
The adsorption characteristics of the inhibitor were
approximated by Frumkin isotherm and El-Awady et al.
kinetic—thermodynamic model.
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1 Introduction

Aqueous CO, corrosion of carbon steel, which is an elec-
trochemical process involving the anodic dissolution of
iron and the cathodic evolution of hydrogen [1] has been
widely acknowledged as a major factor in the degradation
of oil and gas pipelines. It occurs principally in the form of
general corrosion and three variants of localized corrosion
(pitting, mesa attack and flow-induced localized corrosion)
[2, 3] at all stages of production from downhole to surface
equipment and processing facilities [4, 5]. At a given pH,
CO; corrosion occurs at a much higher rate than would be
found in a solution of a strong acid due to the presence of
H,CO;5 which enables hydrogen evolution at a much higher
rate [1]. Due to the aggressiveness of CO,-saturated solu-
tions, inhibitors are usually used to minimize the corrosive
attack on metallic materials and are reported to be the most
cost effective and flexible means of corrosion control in the
oil and gas production industry [5-8]. Of the numerous
organic inhibitors used to combat CO, corrosion, imidaz-
oline and its derivatives are reported to be among the most
effective [5] and have been widely applied for the protec-
tion of CO, corrosion of oil and gas pipelines [7—15].
Imidazoline derivatives are an extensive group of
nitrogen-based organic compounds that behave as cationic
surfactants, depending on the nature of hydrocarbon or
substituents groups attached to the carbon or nitrogen
atoms of the imidazoline ring [16]. The inhibiting action of
these compounds is attributed to their adsorption to the
metal/solution interface [17]. Adsorption may occur via
physisorption (involving electrostatic attraction between
the charged metal and the charged inhibitor molecules)
and/or via chemisorption (involving charge-sharing or
charge-transfer from inhibitor molecules to the surface
leading to the formation of coordinate-type bond [18]).
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The latter may occur if the inhibitor contains lone pairs of
electrons, multiple bonds or conjugated m-type bond sys-
tem [18-22]. The adsorption process, and consequently the
inhibition efficiency and even inhibition mechanism
depend on the electronic and structural characteristics of
the inhibitor, the nature of the surface, the temperature and
pressure of the reaction [18], flow velocity as well as
composition of the aggressive environment [23-25].

Synergistic inhibition, which is an improved perfor-
mance of mixture of inhibitors compared with individual
inhibitors [26] on the corrosion of metals, has proven to be
an effective means of improving the inhibitive force of
inhibitor, decreasing the amount of usage and to diversi-
fying the application of inhibitor in acidic media [27]. On
addition of halide ions to acid media containing any organic
compound, a co-operative effect results which inhibits iron
corrosion [27-30]. However halide ions either stimulate or
inhibit the corrosion of metal, depending on their concen-
tration [28, 29]. The inhibitive effects of halides have been
reported to be in the order: I™ > Br~ > Cl™ [28, 31]. The
highest synergistic effect of iodide ions is reported to be due
to chemisorption with metal surface due to its larger size
and ease of polarizability [31]. More recently, and for the
first time, the synergistic influence of iodide ions on CO,
corrosion inhibition of mild steel by imidazoline derivative
was reported [24].

In continuation of an extensive project carried out and
still on-going in our laboratories to study the inhibitive
properties of imidazoline derivatives in CO,-saturated
NaCl solutions under various experimental conditions, we
present here a study of 2-undecyl-1-1-ethylamino-1-ethyl-
carboxyl quaternary imidazoline (CQI) with the molecular
structure shown below:

N/CQH4OH 5

N
cl
\ /® CH,Co0H

Cq1Has

as corrosion inhibitor of N80 carbon steel in CO,-saturated
3% NaCl and 3% Na,SO, solutions as well as the effect of
addition of iodide ions using electrochemical techniques.

2 Experimental
2.1 Materials preparation

N8O carbon steel cut from its parent pipe was used as the
test material for these experiments and has the chemical
composition shown in Table 1. The steel sheet was cut into
coupons of dimension 1 x 1 x 0.8 cm®. The coupons
were degreased with acetone in an ultrasonic water bath for
about 10 min, air-dried, embedded in two-component
epoxy resin and mounted in a PVC holder. A copper wire
was soldered to the rear side of the coupon as an electrical
connection. The exposed surface of the electrode (of area
1 cm?) was wet-polished with silicon carbide abrasive
paper up to 800 grits, rinsed with ethanol, placed in an
ultrasonic acetone bath for about 5 min to remove possible
residue of polishing and air-dried. This was used as the
working electrode during the electrochemical test.

The test media were 3% NaCl and 3% Na,SO,4. The
latter was used to study the effects of the inhibitor and the
synergistic effects of halide ions (C1™ and I in CO,-satu-
rated halide free solutions. Before each test, the system was
de-aerated by flushing with CO, gas for more than one hour
and kept saturated with CO, by continuous flow of the gas
at atmospheric pressure during the tests. The gas exit was
sealed with distilled water. When needed, sodium hydro-
gen carbonate (NaHCO3;), was added to adjust the pH. For
the 3% Na,SOy, solutions, diluted H,SO,4 solution was used
to lower the pH. The temperature was maintained within
4+1°C in all experiments by placing the cell on a
thermostated water bath. The pH was monitored with PB-
10 Sartorius pH/temperature (°C) meter (with accuracy of
40.01) that was carefully calibrated with two buffer
solution (pH 4 and 7). Electrochemical measurements were
made using a PARSTAT® 2273 electrochemical mea-
surement system connected to a computer and the results
obtained were analysed using the circuits described in
Okafor and Zheng [17].

The imidazoline used as inhibitor was synthesized,
purified, characterized and supplied by one of the authors
of the paper: X. Liu. No further treatments were carried out
on them before use. Stock solution of the imidazoline
(10,000 mg L™") was prepared with appropriate solvents
and a micropipette was used to dispense the appropriate
concentration into the corrosion cell. All chemicals used
were of analar grade.

Table 1 Chemical composition

of the N80 carbon steel Element C

Mn P S Al Cu Nb Ni

Composition (wt%) 0.52

0.23 1.50

0.011 0.008 0.01 0.07 <0.005 0.02
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2.2 Experimental procedure

Experiments were conducted in a three-electrode 500 mL
glass cell setup with the counter electrode made of a
platinum foil and the reference electrode being a saturated
calomel electrode (SCE) connected to the cell externally
through a Luggin capillary tube positioned close to the
working electrode (N80 carbon steel) to minimize the
ohmic potential drop.

The glass cell was filled with 350 mL of the test
solution, de-aerated and saturated with carbon dioxide. The
free corrosion potential was followed immediately after
immersion until the potential stabilized within £1 mV.
The potentiodynamic polarization sweeps were conducted
at a sweep rate of 0.2 mV s~'. The solution and metal
coupon were changed after each sweeps. In another set of
experiments, LPR measurements were taken at +5 mV
around the corrosion potential by using a potentiodynamic
scan at 0.1 mV s~' followed by EIS measurements over
the frequency range of 100 kHz to 10 mHz with a signal
amplitude perturbation of 5 mV. All experiments were
conducted at pH 4 to ascertain a uniform concentration of
the corrosive carbonic species. For each experimental
condition, two to three measurements were performed to
estimate the repeatability. The repeatability was quite
good, and the changes observed in the results reflect
influences of various parameters beyond the experimental
error.

3 Results and discussion
3.1 Inhibition by imidazoline (CQI)
3.1.1 Potentiodynamic polarization measurements

Potentiodynamic polarization curves were obtained to
characterize the protection efficiency of CQI at a potential
sweep rate of 02 mV s~'. The polarization curves
obtained for N80 mild steel in CO,-saturated 3% NaCl
solutions containing different concentrations of CQI at
25 °C are shown in Fig. 1. It is observed that the anodic
and cathodic reactions were affected by the inhibitor.
Based on this result, CQI is considered as a mixed-type
inhibitor, which implies that, it reduces the anodic disso-
lution of the mild steel and also retards the cathodic
reactions. Concerning the anodic region in relation to the
zero current density potential, there is no evidence of
passive film formation onto the electrode surface either in
the presence or in the absence of the inhibitor. However, an
anodic displacement of the corrosion potential (E..) and a
decrease in the corrosion current density with increase in
CQI concentration were also observed. This indicates the

~40mg 1" cal

~80mg 1" cal

100 mg I'" cal
"""" 200mg I cal

Potential/Vgce
o
~N

108 107 10 10% 0% 10° 102 107
Current density/A cm™

Fig. 1 Polarization curves for N80 mild steel in CO,-saturated 3%
NaCl solutions in the absence and presence of CQI at pH 4 and 25 °C

inhibiting effect of CQI on the mild steel corrosion which
can be related to its adsorption on the steel surface blocking
active sites.

The values of the corrosion current density (ico,) for
N80 mild steel corrosion reaction in the absence and
presence of the inhibitor were determined graphically by
extrapolating the linear Tafel segment of the cathodic
curves to the E.., as described previously for non-Tafel
dependence curves [17, 25, 32] and presented in Table 2.
Also shown in Table 2 is the inhibition efficiency of CQI
for the CO, corrosion of N80 mild steel calculated from the
following equation:

iO - icorr
n% = <—— x 100 (1)

where igm and i, are the uninhibited and inhibited cor-

rosion current densities, respectively. It can be seen that
CQI inhibits the CO, corrosion of N80 carbon steel to a
large extent at all concentrations and temperatures studied
and that the extent of inhibition is dependent on the
inhibitor concentration. The inhibition efficiency increases
with increasing inhibitor concentration.

The effect of temperature on the anodic and cathodic
reactions in the absence and presence of 80 mg 17! CQI for
N8O carbon steel in 3% NaCl solutions saturated with CO,
at pH 4 is represented in the polarization curves shown in
Fig. 2. There is a clear acceleration of both the anodic and
cathodic reactions with an increase in temperature. Similar
curves have been reported previously [12]. The polariza-
tion parameters for the mild steel in the absence and
presence of 80 mg 1~' CQI are listed in Table 2. It can be
seen that the current density increased with temperature in
the uninhibited and inhibited solutions. This is due to the
acceleration of all the processes involved in corrosion:
electrochemical, chemical, transport, etc. with increase in
temperature [1]. It could also be noticed that increase in
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Table 2 Polarization, EIS and LPR parameters for N8O mild steel in CO,-saturated 3% NaCl solutions in the absence and presence of CQI CQI/

iodide ions at 25 °C

Temperature (°C)  System Polarization method EIS method LPR method
~Ecorr Lo n% R Cax 107" 1% R, n%
(Vsce)  (nA ecm™) Qem?)  (Fem™) (Qem?)
25 3% NaCl (blank) 713 96.4 - 1689 2.1 - 1673 -
3% NaCl + 20 mg L™' CQI 719 65.6 320 2146 1.6 21.3 2116 209
3% NaCl + 40 mg L™' CQI 703 21.0 783 9310 07 819 8031 792
3% NaCl + 60 mg L™' CQI 652 11.1 88.5 16204 0.7 89.6 9399 822
3% NaCl + 80 mg L™' CQI 615 8.6 91.0 19276 0.6 912 1680.0  90.0
3% NaCl + 100 mg L™' CQI 633 6.1 93.7 2521.0 04 933 2270.0 92.6
3% NaCl + 200 mg L™' CQI 647 1.8 98.1 53799 0.6 96.9 5609.0 97.0
3% NaCl 4+ 80 mg L™" CQI + 0.05 Nal 673 5.0 94.8 22060 14 923 26757 938
40 3% NaCl (blank) 714 182.0 - 1026 2.1 - 89.6 -
3% NaCl + 80 mg L™' CQI 655 14.8 920 13160 0.6 922 1029 91.3

temperature increased the inhibition efficiencies of CQI
suggesting chemisorption of the organic molecule on the
surface of the metal. The apparent activation energies (E,)
for the corrosion of N80 mild steel in CO,-saturated 3%
NaCl solution in the absence and presence of the inhibitor
were calculated from the condensed Arrhenius equation as
follows:

corr E 1 1
logl @ _ e (—— —) (2)

icom(y  2.303R\Ty T,

where icor(1) and icom2) are the corrosion current densities
at temperatures 77 (25 °C) and T, (40 °C), respectively.
The calculated activation energy values in the absence and
presence of the inhibitors are 32.8 and 27.8 kJ mol !,
respectively. The decrease in activation energy in the
presence of inhibitor is an indication of chemical

0.2
0.3 -
0.4 -
w
o054
n
S 0.6 A
©
= -0.74
s | N Ny Blank 40°C
L .08 ---Blank 25°
° ank 25°C
o 009 --80 mg I'' CQl 40°C
80 mg I''CQI 25°C
1.0 - mgca
ERE
1.2 . . . . . . s
108 107 10°® 10 104 108 102 10"

Current density/A cm
Fig. 2 Polarization curves for N80 mild steel in CO,-saturated 3%

NaCl solutions in the absence and presence of 80 mg L™ CQI at pH
4 at 25 and 40 °C
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adsorption of CQI on the surface of the metal [33]. This
does not however, rule out possible contribution of elec-
trostatic attraction to the corrosion inhibition process.

3.1.2 EIS and LPR measurements

Figure 3 shows representative of EIS measurements as
Nyquist plots. The plot in the absence of inhibitor (inset) is
characterized by a depressed semicircle from high to
medium frequencies and an inductive loop at low fre-
quencies. Similar curves for iron dissolution in acid solu-
tions at E.,,; have been reported previously [17, 24, 25, 34—
36]. The appearance of the inductive loop observed in the
Nyquist plots is attributed to the adsorption of an inter-
mediate product in the corrosion reaction and the
——20mgI’ cal

6000 - —=— Blank (NaCl)

200

150 ——4omgr'cal  ——60mgl” cal
5000 - .
100 —-=—80mgl'cal - 100mg I cal
50 ——200mg I'' cal

4000 -

50 100 150 200

-50

3000 A

“Limg/Q cm?

2000 4

1000

3000 4000 5000 6000

Z,.JQ cm?

0 1000 2000

Fig. 3 Nyquist plots for N80 mild steel in CO,-saturated 3% NaCl
solutions in the absence (inset) and presence of CQI ions at pH 4 and
25 °C
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capacitive semicircle is ascribed to the double layer
capacitance and the charge transfer resistance of the cor-
rosion process.

Introduction of the imidazoline was observed to increase
the semicircle as shown in Fig. 3 indicating inhibition of
the corrosion process and increase in CQI concentration
increased the diameter of the semicircle. From the diameter
of the single semicircle of the impedance diagram, the
charge transfer resistance (R.) were determined. The val-
ues obtained in the absence and presence of inhibitors are
as shown in Table 2. In the presence of CQI, the values of
R.. were observed to increase with increase in the con-
centration of CQI indicative of reduction in corrosion rate
and consequently increase in the inhibiting ability of the
imidazoline. It is also seen that the charge transfer resis-
tance, R, decreases with the increase in temperature.

The values of the capacitance for the semicircle (Cg;)
were calculated from the equation:

1
B anmacht

where fi.x 1s the frequency corresponding to the maximum
of the semicircle. The capacitance values were observed to
decrease with the introduction of CQI. The decrease in Cy;
values has been ascribed to a decrease in the dielectric
constant and/or an increase in the double electric layer
thickness, due to inhibitor adsorption on the metal/elec-
trolyte interface [33, 37, 38]. This implies that the extent of
adsorption on the metal/solution interface increases with
CQI concentration.

Inhibition efficiency (n%) is observed from Table 2 to
increase with CQI concentration and followed the same
trend as those obtained from the linear polarization resis-
tance (in Table 2) measurements. The values were deter-
mined from the equation:

Ca 3)

ct(inh) — Rt

n%:R % 100 4)

Rct(inh)
where R and Rinny are the uninhibited and inhibited
charge transfer resistance, respectively. The inhibition
efficiency values obtained for the three methods are in
good agreement.

3.2 Adsorption isotherm

Figure 4 shows the adsorption curve for CQI on N8O mild
steel in CO,-saturated 3% NaCl solutions at 25 °C. The
plot is characterized by an initial steeply rising part indi-
cating the formation of a monolayer adsorbate film on the
steel surface [38, 39] and as more inhibitor molecules
become adsorbed at higher concentration, the adsorption
rate is reduced. It is acknowledged that adsorption iso-
therms provide useful insights into the characteristics of the

2539
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Fig. 4 Adsorption curve for CQI on N80 mild steel in CO,-saturated
3% NaCl solutions at pH 4 and 25 °C
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Fig. 5 Frumkin adsorption isotherm for CQI on N80 mild steel in
CO,-saturated 3% NaCl solutions at 25 °C
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Fig. 6 El Awady kinetic-thermodynamic model for CQI on N8O
mild steel in CO,-saturated 3% NaCl solutions at 25 °C

adsorption process and the mechanism of corrosion inhi-
bition [40]. The experimental data obtained from the po-
tentiodynamic polarization measurements were applied to
different adsorption isotherm models. It was found that the
data fitted the Frumkin adsorption isotherm (Fig. 5) and the
El Awady et al kinetic—thermodynamic model (Fig. 6)
which may be formulated, respectively as [18]:

@ Springer
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In ( (%) /c) = InK +2a0 (5)

and
o /
log T-9) = logK' + ylogc (6)

where 0 is the degree of surface coverage (6 = n%/100), a
is an interaction parameter, y is the occupancy parameter,
the inverse (1/y) of which gives the size parameter and a
measure of the number of adsorbed water molecules
substituted by a given inhibitor, K is the equilibrium (or
binding) constant of the adsorption reaction and K = K’
The adsorption parameters deduced from the isotherms
are presented in Table 3. The molecular interaction
parameter can have both positive and negative values.
Positive values of a indicate attraction forces between
adsorbed molecules while negative values indicate repul-
sive forces between the adsorbed molecules [41]. It is seen
in the table that positive value of a was obtained indicating
that attraction exists in the adsorption layer. Positive values
of a have also been interpreted to imply that the interactions
between molecules cause an increase in the adsorption
energy with the increase of surface coverage [18, 42]. The
size parameter value (0.5) obtained indicates the formation
of multilayers of the inhibitor on the surface of the metal
[18]. This is made possible due to the attraction between the
molecules (as indicated by the positive values of the inter-
action parameter) which may make it less difficult for
more molecules to get adsorbed on a neighbouring site.
The k,q values denote the strength between the adsorbate
and adsorbent. Large values of K imply more efficient
adsorption.

The constant, K, is related to the standard free energy of
adsorption AGY, by the equation:

ads

0
= %exp (72%‘“) (7
The value of 55.5 being the concentration of water in

solution expressed in mole. The calculated values from the

different isotherms are shown in Table 3. The negative
value indicates a spontaneous adsorption of CQI on the
surface of the metal and confirms the proposed chemical
adsorption mechanism. Generally, values of AG?, more

ads
negative than —40 kJ mol™" involve charge-sharing or

Table 3 Kinetic and thermodynamic parameters for the adsorption of
CQI on N80 mild steel in CO,-saturated 3% NaCl solutions at 25 °C

Thermodynamic—kinetic model Frumkin isotherm

a InK —AG&Imol™) 1y InkK —AG (kJ mol™")

1.4 8.0 79.6 05 95 94.1

@ Springer

transfer from the inhibitor molecules to the metal surface
to form a coordinate type of bond indicating chemical
adsorption [43-45].

3.3 Effects of halide ions

In order to access the effect of halide ions on the CO,
corrosion in the absence and presence of imidazolines,
potentiodynamic polarization, linear polarization resistance
(LPR) and electrochemical impedance spectroscopic (EIS)
measurements were carried out in CO,-saturated 3%
Na,SO, solutions with and without 0.05 M Cl—, 0.05 M1,
80mg 1" CQI and 0.05M ClI /80 mg1~' CQI and
0.05 M I"/80 mg 17! CQI mixtures. Na,SO, solution was
used to remove any interference from the chloride ion in
NaCl solution so that the effects of the halide ions would be
clearly appreciated. The results obtained from these mea-
surements are shown in Figs. 7, 8 and Table 4.

Figure 7 shows the polarization curves for N80 mild
steel in CO,-saturated 3% Na,SO, solutions in the absence
and presence of CQI and CQI/halide ions mixture at 25 °C.
The polarization parameters deduced from the curves are
shown in Table 4. It is observed that addition of CQI and
CQI/halide ions mixtures reduced the rates of the anodic
and cathodic reactions as evident in the reduction in the
current densities, and positively shift the corrosion poten-
tial. The extent of inhibition is found to be in the order:
CQI/I” > CQI/C1I™ > CQI. Addition of halide ions to
acidic solutions containing organic compounds is generally
accepted to synergistically increase the inhibition effi-
ciency by forming intermediate bridges between the neg-
atively charged surface and the positively charge organic
compound. The greater synergistic effects of iodine ions
compared to chloride ions is attributed to its large ionic
size, hydrophobicity and ease of polarizability which
facilitates electron pair bonding with the iron surface

------- 8omg I’ cal
~80 mg I'" CQl + 0.05 NaCl
.80 mg I CQI +0.05 M Nal

Potential/Vgcg
o
~

107 10 10 10 108 102 1071
Current density/A cm™2
Fig. 7 Polarization curves for N80 mild steel in CO,-saturated 3%

Na,SO, solutions in the absence and presence of 80 mg L' CQI and
CQI/halide ions at pH 4 at 25 °C
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Fig. 8 Nyquist plots for N80 mild steel in CO,-saturated 3% Na,SO4
solutions in the absence and presence of 80 mg L™' CQI and CQI/
halide ions at pH 4 at 25 °C

[31, 46, 47]. Comparing the values of I.., and #% (in
Tables 2 and 4) for N80 mild steel in CO,-saturated 3%
Na,SOy, solutions containing CQI/I” with those obtained in
3% NaCl, it could be observed that in NaCl solution, the
mixture exhibited a more inhibiting ability. This could be
ascribed to synergistic effect as a result of the presence of
both CI™ and I" in the system.

Figure 8 shows the impedance behaviour of N80 mild
steel in CO,-saturated 3% Na,SQ, solutions in the absence
and presence of CQI and CQI/halide ions mixture at 25 °C.
The results obtained from these curves are summarized in
Table 4. In the absence of inhibitors the plots are charac-
terized by a depressed semicircle from high to medium
frequencies and an inductive loop at low frequencies sim-
ilar to that in 3% NaCl solution. This signifies that the
corrosion mechanism did not change with change in elec-
trolyte. The appearance of the inductive loop and the
capacitive semicircle is attributed to the adsorption of an
intermediate product in the corrosion reaction and the

double layer capacitance/transfer resistance, respectively.
The same characteristic high frequency impedance
behaviour of the N80 mild steel in CO,-saturated 3%
Na,SO, solutions was observed on introduction of halide
ions. However, a slight decrease in charge transfer resis-
tance (from 153.6 to 151.8 Q cm?) in the presence of Cl™
indicating acceleration of the corrosion process and an
increase (from 153.6 to 236.4 Q cm?) in the presence of I
indicating inhibition of the corrosion process was
observed.

Introduction of 80 mg 17! CQI into the corrodent leads
to an increase in the charge transfer resistance from 153.6
to 664.1 Q cm? resulting in 76.9% of inhibition efficiency
and a decrease in the double layer capacitance Cg from
229 x 107* t0 9.2 x 1075 F cm ™2 The decrease in Cy
values has been ascribed to a decrease in the dielectric
constant and/or an increase in the double electric layer
thickness, due to inhibitor adsorption on the metal/elec-
trolyte interface [33, 37, 38]. Introduction of 0.05 M of
halide ions into the system containing 80 mg 17! CQI
resulted in further increase in charge transfer resistance and
inhibition efficiencies indicating synergism, and decrease
in Cg4 values. The order of increase in inhibition efficien-
cies is CQI/I” > CQI/C1™ > CQI. From Fig. 8 it could be
observed that the impedance diagrams for N80 mild steel in
the presence of 80 mg 1=' CQI + 0.05 M Nal is charac-
terized by high frequency capacitive and an indications of
low frequency capacitive loops. Similar curves have been
reported previously for iron dissolution in acid medium in
the presence of high concentration of halide ion [17]. The
existence of the capacitive loops and disappearance of the
low frequency inductive loops compared with the Nyquist
diagram in the absence of inhibitor could be related to the
gradual replacement of water molecules and/or hydroxyl
ions by iodide ions on the surface of the metal and con-
sequently reducing the active sites necessary for the cou-
pled dissolution reaction, involving hydroxyl ions as
proposed by Barcia and Mattos [48] for iron in acid media.

Table 4 Polarization, EIS and LPR parameters for N80 mild steel in CO,-saturated 3% Na,SO, solutions in the absence and presence of CQI,

halides and CQI/halide mixture at 25 °C

System Polarization method EIS method LPR method
_Ecorr Icorr 11% Rcl Cdl X 1074 ’7% Rp '7%
(Vsce) (A em™) @em’)  (Fem™) (@ em?)
3% Na,SO, (blank) 733 76.4 - 153.6 2.29 - 156.2 -
3% Na,SO4 + 0.05 M NaCl 735 74.7 2.2 151.8 232 —-1.2 155.7 —-0.3
3% Na,SO4 + 0.05 M Nal 734 61.0 20.1 236.4 2.60 35.0 220.1 29.0
3% Na,S0, 4+ 80 mg L™" CQI 647 26.2 65.7 664.1 0.92 76.9 629.3 75.2
3% Na,S0, 4+ 80 mg L™" CQI + 0.05 M NaCl 688 16.7 78.1 843.2 0.73 81.8 802.9 80.6
3% Na,S0, 4+ 80 mg L™" CQI + 0.05 M Nal 679 7.2 90.6 1487.0 0.72 89.7 1651.8 90.6
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Similar view is also held by Bartos and Hackerman [49] for
iron in hydrochloric acid.

From the linear polarization resistance (LPR) studies,
polarization resistance values (Table 4) followed the same
trend as the charge transfer resistance values for the sys-
tems studied and the inhibition efficiencies obtained from
both methods are in good agreement.

3.4 Mechanism of corrosion inhibition

Inhibition of mild steel corrosion in CO,-saturated solu-
tions by imidazoline derivatives can be explained on the
basis of adsorption. The adsorption of organic compounds
can be described by two main types of interaction: physi-
sorption and chemisorption. In the former, the presence of
electrically charged metal surface and charged species in
the bulk of the solution is required, while the latter
(chemisorption) involves charge-sharing or charge-transfer
from the inhibitor molecules to the metal surface to form a
coordinate type of a bond. This is possible in case of a
positive as well as a negative charge on the surface [27]. It
is worth noting that a combination of both processes is
possible [50]. The molecular structure of CQI is composed
of a five-member ring containing nitrogen elements (the
head group), a C-11 saturated hydrophobic group and a
hydrophilic ethylcarboxylic group attached to the N1 atom.
Also attached to the N1 atom is a quaternary ethylcarb-
oxylic group that gives the compound a positive charge.
The compound can be adsorbed on the metal surface by the
formation of an iron-nitrogen co-ordination bond and by a
pi-electron interaction between the pi-electron in the head
group and iron. The adsorption of CQI on the steel surface
creates a barrier for mass and charge transfers. Comparing
the inhibition efficiencies of the compound in both studied
media (3% NaCl and 3% Na,SO, solutions), it was
observed that the imidazoline exhibited a higher efficiency
in the 3% NaCl than in the Na,SO, solutions. It is reported
that the surface of iron is found to be positively charged in
an inhibitor-free sulphate containing solution [51] and the
protonated inhibitor compound species would be less
strongly adsorbed onto the metal surface resulting in less
inhibition efficiencies [31]. In the presence of halide ions,
the surface of the metal is negatively charged (as a result of
the specific adsorption of chloride ions) and coulombic
attraction between the metal and the imidazoline contrib-
utes to the higher inhibition efficiency observed in the
NaCl solutions.

4 Conclusions

2-undecyl-1,1-dicarboxylethyl quaternary imidazoline (CQI)
is found to inhibit the corrosion of mild steel in CO,-saturated

@ Springer

3% NaCl and 3% Na,SO, solutions and the extent of
inhibition is dependent on CQI concentration and on tem-
perature. A mixed-inhibition mechanism is proposed for
the inhibitive effects of CQI. The values of the corrosion
activation energy in the absence and presence of CQIlin CO,-
saturated 3% NaCl and Gibbs free energy of adsorption
indicates that CQI is chemically adsorbed on the surface of
the metal. CQI inhibited the corrosion reaction by chemical
adsorption on the metal/solution interface in halide free
solutions and by a combination of chemical and coulombic
attraction in the presence of halide ions. The adsorption
characteristics of the inhibitor were approximated by
Frumkin isotherm and El-Awady et al. kinetic—thermody-
namic model. Inhibition efficiency of CQI was enhanced by
the addition of halide ions due to synergistic effects. The
order of synergism is foundtobe I” > CI™.
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