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Three novel di-quaternary ammonium salts were synthesized, characterized, and tested as corrosion
inhibitors for API X65 steel pipeline in 1 M HCl. The inhibition effect of the prepared compounds was
studied by EIS, Tafel polarization and weight loss measurements. Polarization curves revealed that the
prepared compounds act as mixed type inhibitors. It was found that the inhibition efficiency increased
with increasing the compound concentration and decreasing the temperature and also is dependent on
the molecular structures. Adsorption of the prepared compounds on API X65 steel pipeline surface is a
physical adsorption and obeys the Langmuir’s isotherm.
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1. Introduction

Steel pipelines play an important role in transporting gases and
liquids throughout the world [1]. Corrosion is a serious problem in
steel pipelines because replacing, repairing, and maintaining them
can be extremely expensive and time-consuming [2–6]. Acid solu-
tions are generally used for removal of undesirable scales and rusts
on steel surface in several industrial sectors and also widely ap-
plied to enhance oil/gas recovery through acidification in the oil
and gas industry. These operations usually induce serious corro-
sion of equipment, tubes, and pipelines made of steel [7,8].

The use of inhibitors is one of the most convenient means for
protection of steel corrosion in acidic solution as they can prevent
metal from dissolution and consequently reduce the operation cost
[9]. The existing data showed that the most of organic compounds
which were used as corrosion inhibitors can be adsorbed on metal
surface via heteroatom such as nitrogen, sulfur, oxygen and phos-
phorus, multiple bonds or aromatic rings and they block the active
sites and accordingly, decreasing the corrosion rate [10,11]. The
inhibition efficiency of organic inhibitors is mainly dependent on
its affinity and compatibility to the metal surface [12]. Many effi-
cient organic inhibitors have heteroatom and multiple bonds or
aromatic rings in their structures. As a representative type of these
organic inhibitors, quaternary ammonium salts have been demon-
strated, to be highly effective in corrosion inhibition for different
aggressive media, in our lab and by other previous research [13–
15].

Surfactants are the molecules which composed of a polar
hydrophilic group, the ‘‘head’’, and attached to a non-polar hydro-
phobic group, the ‘‘tail’’. In general, the inhibitory action of surfac-
tant in aqueous solutions is due to a physical (electrostatic)
adsorption or chemisorption of surfactant molecules onto the
metallic surface, depending on the charge of the solid surface
and the free energy change of transferring a hydrocarbon chain
from water to the solid surface. The adsorption of a surfactant
markedly changes the corrosion resisting property of a metal and
for this reason, the study of the correlation between the adsorption
and corrosion inhibition is of a considerable importance [16–19].

Gemini surfactant is a new generation of surfactants developed
in recent years which consist of two hydrophilic and two hydro-
phobic groups and are separated by a spacer in a molecular struc-
ture. It has been demonstrated that this new surfactant exhibits
properties superior to those of conventional surfactants, such as
better solubility and greater effect in lowering the surface tension
of water. During recent years, an increasing of interest has been fo-
cused on the investigation of the inhibition behavior of Gemini sur-
factants in various aggressive media [20–22].
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In the present paper, three di-quaternary ammonium salts,
namely N-(3-(2-(isopropyldimethylammonio)acetoxy)propyl)-
N,N-dimethyldodecan-1-aminium chloride bromide (compound
Q1), N-(3-(2-((2-hydroxyethyl)dimethylammonio)acetoxy)pro-
pyl)-N,N-dimethyldodecan-1-aminium chloride bromide (com-
pound Q2) and N-(3-(2-(phenyldiethylammonio)acetoxy)propyl)-
N,N-dimethyldodecan-1-aminium chloride bromide (compound
Q3), were synthesized and characterized. The inhibition effect of
these compounds for API X65 steel pipeline in 1 M HCl solution
was evaluated by weight loss, potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) measurements.
The effect of the inhibitor concentration and temperature on the
inhibition behavior was studied. Based on the experimental data,
several thermodynamic and kinetic parameters were estimated.
The adsorption mechanism of the prepared inhibitors onto API
X65 steel pipeline surface in 1 M HCl was also discussed. Scanning
electron microscope was used to examine the changes of surface
morphology of the steel corroded in 1 M HCl with and without
the addition of the inhibitors.
2. Materials and experimental techniques

2.1. Inhibitors

The three novel di-quaternary surfactants used in this study
were synthesized in three steps as follow:

(i) Quaternization reaction [23] of 3-(dimethylamino)propan-
1-ol (10.3 g, 0.1 mol) and 1-bromododecane (24.9 g,
0.1 mol) in ethanol at 70 �C for 48 h to produce N-(3-
hydroxypropyl)-N,N-dimethyldodecan-1-aminium bromide.
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Fig. 1. Chemical structure of the synthesized
The mixture was allowed to cool-down. Then, the obtained
mixture was further purified by diethyl ether and recrystal-
lized by ethanol.

(ii) Esterification reaction [24] was carried out between the
product obtained from the previous step (17.62 g, 0.5 mol)
and 2-chloroacetic acid (4.72 g, 0.5 mol) in presence of
xylene as a solvent and p-toluene sulfonic acid as a dehy-
drating agent to produce N-(3-(2-chloroacetoxy)propyl)-
N,N-dimethyldodecan-1-aminium bromide. The reaction
was completed when the concentration of the removed
water is reached 0.5 M. The reaction mixture was distilled
under a vacuum in order to remove the solvent completely.

(iii) Quaternization reaction [25] of the above product obtained
from the previous step (4.29 g, 0.01 mol) with either N,N-
dimethylpropan-2-amine (0.87 g, 0.01 mol), 3-(dimethyl-
amino)propan-1-ol (1.03 g, 0.01 mol), or N,N-diethylaniline
(1.49 g, 0.01 mol) in ethanol at 70 �C for 48 h to yield one
of the following products, respectively:
dimeth

-dimet

)-N,N-

1)

Q2)
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novel
(1) N-(3-(2-(isopropyldimethylammonio)acetoxy)propyl)-
N,N-dimethyldodecan-1-aminium chloride bromide
(compound Q1).

(2) N-(3-(2-((2-hydroxyethyl)dimethylammonio)acet-
oxy)propyl)-N,N-dimethyldodecan-1-aminium chloride
bromide (compound Q2).

(3) N-(3-(2-(phenyldiethylammonio)acetoxy)propyl)-N,N-
dimethyldodecan-1-aminium chloride bromide (com-
pound Q3).
The mixture was allowed to cool-down and then further puri-
fied by diethyl ether and recrystallized by ethanol.

Chemical structure of the synthesized inhibitors (Fig. 1) was
confirmed by FTIR and 1H NMR spectroscopy. FTIR analysis was
yldodecan-1-aminium chloride bromide

hyldodecan-1-aminium chloride bromide

dimethyldodecan-1-aminium chloride bromide

di-quaternary ammonium salts.
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carried out using ATI Mattson infinity series TM, Bench top 961
controlled by Win First TM V2.01 software. 1H NMR analysis was
measured in DMSO-d6 using Jeol ECA 500 MHZ NMR spectrometer.

2.2. Solutions

The aggressive solution, 1 M HCl, was prepared by diluting the
analytical grade 37% HCl with distilled water. The concentration
range of the synthesized inhibitors, used in corrosion measure-
ments, was varied from 1 � 10�5 to 5 � 10�3 M.

2.3. Steel specimen

Tests were performed on a pipeline steel of the following chem-
ical composition (wt.%): 0.28% C, 0.06% Ti, 1.40% Mn, 0.03% P, 0.03%
S and the remainder is Fe. This material was made according to API
5L grade X65 specifications.

2.4. Weight loss measurements

A&D analytical balance, (Model: HR 200, readability: 0.1 mg and
standard deviation: ±0.2 mg), was used for the gravimetric analy-
sis. The API X65 steel pipeline sheets of 7 cm � 3 cm � 0.5 cm were
abraded with a series of emery paper (grade 320–400–600–800–
1000–1200) and then cleaned successively with distilled water,
ethanol and acetone, and finally dried in dry air. After accurately
weighting, the samples were immersed in 100 ml of 1 M HCl solu-
tion with and without the addition of different concentrations of
di-quaternary surfactants at various temperatures. The tempera-
ture for weight loss measurements was controlled by water bath
provided with thermostat control ±0.5 �C. The steel specimens
were taken out after 24 h and then rinsed with distilled water
twice and degreased with acetone. Then specimens were im-
mersed in 1 M HCl solution for 10 s, (chemical method for cleaning
rust products), rinsed twice with distilled water, ethanol, and ace-
tone and finally dried in dry air and accurately weighted. The
experiments were carried out in triplicates in order to give a good
reproducibility and the average weight loss of three parallel API
X65 steel pipeline sheets was obtained. All tests in this paper were
done under aerated conditions.

2.5. Electrochemical measurements

The electrochemical experiments were carried out in a conven-
tional three-electrode cell with a platinum counter electrode (CE)
Fig. 2. 1H NMR spectrum of N-(3-hydroxypropyl)
and a saturated calomel electrode (SCE) as a reference electrode.
The working electrode (WE) was a rod of API X65 steel pipeline
embedded in PVC holder using epoxy resin so that the flat surface
was the only exposed surface in the electrode. The area of the
working exposure surface was 0.7 cm2. This area was abraded with
emery paper (grade 320–400–600–800–1000–1200) on the test
face, rinsed with distilled water, degreased with acetone and dried.
Before measurement, the electrode was immersed in a test solu-
tion at open circuit potential (OCP) for 30 min. until a steady state
was reached. All Electrochemical measurements were carried out
using a VoltaLab 40 (PGZ301 & VoltaMaster 4) – (Radiometer Ana-
lytical-FRANCE) at 20 �C.

The potentiodynamic polarization measurements were ob-
tained by changing the electrode potential automatically from
�800 to �300 mV versus SCE with scan rate 2 mV s�1 at 20 �C.
EIS measurements were carried out as described elsewhere [26].
A small alternating voltage perturbation (5 mV) was imposed on
the cell over the frequency range from 100 kHz to 30 mHz at open
circuit potential at 20 �C. Simulation of Nyquist diagrams with the
suggested model was done by ZSimpWin program.
3. Results and discussion

3.1. Structure confirmation of the synthesized inhibitors

3.1.1. N-(3-hydroxypropyl)-N,N-dimethyldodecan-1-aminium
bromide
3.1.1.1. FTIR spectroscopy. FTIR spectrum of N-(3-hydroxypropyl)-
N,N-dimethyldodecan-1-aminium bromide showed the following
absorption bands at 751.69 cm�1 ((CH2)n rocking), 1373.10 cm�1

(CH3 symmetric bending), 2859.14 cm�1 (CH symmetric stretch-
ing), 2937.80 cm�1 (CH asymmetric stretching), 1053.98 cm�1

(C–N+) and 3389.87 cm�1 (OH). The FTIR spectrum confirmed the
expected functional groups in the synthesized N-(3-hydroxypro-
pyl)-N,N-dimethyldodecan-1-aminium bromide.
3.1.1.2. 1H NMR spectroscopy. 1H NMR (DMSO-d6) spectrum (Fig. 2)
of N-(3-hydroxypropyl)-N,N-dimethyldodecan-1-aminium bro-
mide showed different bands at d = 0.8105 ppm (t, 3H, NCH2CH2

(CH2)9CH3); d = 1.2024 ppm (m, 18H, NCH2CH2(CH2)9CH3);
d = 1.6007 ppm (m, 2H, NCH2CH2(CH2)9CH3); d = 3.2809 ppm (t,
2H, NCH2CH2(CH2)9CH3); d = 2.9809 ppm (s, 6H, CH3NCH3);
d = 3.3325 ppm (t, 2H, NCH2CH2CH2OH); d = 1.7689 ppm (t, 2H,
NCH2CH2CH2OH); d = 3.4318 ppm (t, 2H, NCH2CH2CH2OH);
d = 4.7600 ppm (s, 1H, NCH2CH2CH2OH). The data of 1H NMR spec-
-N,N-dimethyldodecan-1-aminium bromide.



Fig. 3. FTIR spectrum of N-(3-(2-chloroacetoxy)propyl)-N,N-dimethyldodecan-1-aminium bromide.

M.A. Hegazy et al. / Corrosion Science 81 (2014) 54–64 57
tra confirmed the expected hydrogen proton distribution in the
synthesized N-(3-hydroxypropyl)-N,N-dimethyldodecan-1-amini-
um bromide.

3.1.2. N-(3-(2-chloroacetoxy)propyl)-N,N-dimethyldodecan-1-
aminium bromide
3.1.2.1. FTIR spectroscopy. FTIR spectrum of N-(3-(2-chloroacet-
oxy)propyl)-N,N-dimethyldodecan-1-aminium bromide (Fig. 3)
showed the following absorption bands: 751.69 cm�1 ((CH2)n rock-
ing), 1374.19 cm�1 (CH3 symmetric bending), 2845.33 cm�1 (CH
symmetric stretching), 2912.67 cm�1 (CH asymmetric stretching),
1048.13 cm�1 (C–N+). In addition to ester (COO) band appeared
at 1729.25 cm�1 and disappearance of (OH) band at 3300 cm�1.
The FTIR spectrum confirmed the expected functional groups in
the synthesized N-(3-(2-chloroacetoxy)propyl)-N,N-dimethyldod-
ecan-1-aminium bromide.

3.1.2.2. 1H NMR spectroscopy. 1H NMR (DMSO-d6) spectrum of
N-(3-(2-chloroacetoxy)propyl)-N,N-dimethyldodecan-1-aminium
bromide showed different bands at d = 0.8396 ppm (t, 3H,
NCH2CH2(CH2)9CH3); d = 1.2431 ppm (m, 18H, NCH2CH2(CH2)9-

CH3); d = 1.6909 ppm (m, 2H, NCH2CH2(CH2)9CH3); d = 3.2637
ppm (t, 2H, NCH2CH2(CH2)9CH3); d = 3.1857 ppm (s, 6H, CH3NCH3);
d = 3.3080 ppm (t, 2H, NCH2CH2CH2COOCH2Cl); d = 2.0042 ppm
(t, 2H, NCH2CH2CH2COOCH2Cl); d = 4.1441 ppm (t, 2H, NCH2CH2

CH2COOCH2Cl); d = 5.3653 ppm (s, 1H, NCH2CH2CH2COOCH2Cl).
Fig. 4. 1H NMR spectrum of N-(3-(2-(isopropyldimethylammonio)acet
The data of 1H NMR spectra confirmed the expected hydrogen pro-
ton distribution in the synthesized N-(3-(2-chloroacetoxy)propyl)-
N,N-dimethyldodecan-1-aminium bromide.

3.1.3. N-(3-(2-(isopropyldimethylammonio)acetoxy)propyl)-N,N-
dimethyldodecan-1-aminium chloride bromide (InhibitorQ1)
3.1.3.1. 1H NMR spectroscopy. 1H NMR (DMSO-d6) spectrum (Fig. 4)
of N-(3-(2-(isopropyldimethylammonio)acetoxy)propyl)-N,N-dim-
ethyldodecan-1-aminium chloride bromide showed different
bands at d = 0.8411 ppm (t, 3H, NCH2CH2(CH2)9CH3); d = 1.2140
ppm (m, 18H, NCH2CH2(CH2)9CH3); d = 1.6879 ppm (m, 2H, NCH2-

CH2(CH2)9CH3); d = 3.3951 ppm (t, 2H, NCH2CH2(CH2)9CH3);
d = 3.1964 ppm (s, 12H, 2(CH3NCH3)); d = 3.3080 ppm (t, 2H, NCH2-

CH2CH2COOCH2N); d = 1.9890 ppm (t, 2H, NCH2CH2CH2COOCH2N);
d = 4.2312 ppm (t, 2H, NCH2CH2CH2COOCH2N); d = 4.3107 ppm (s,
2H, NCH2CH2CH2COOCH2N); d = 2.7287 ppm (m, 1H,COONCH(CH3)2;
d = 1.3547 ppm (d, 6H,COONCH(CH3)2. The data of 1H NMR spectra
confirmed the expected hydrogen proton distribution in the syn-
thesized N-(3-(2-(isopropyldimethylammonio)acetoxy)propyl)-
N,N-dimethyldodecan-1-aminium chloride bromide.

3.1.4. N-(3-(2-((2-hydroxyethyl)dimethylammonio)acetoxy)propyl)-
N,N-dimethyldodecan-1-aminium chloride bromide (InhibitorQ2)
3.1.4.1. 1H NMR spectroscopy. 1H NMR (DMSO-d6) spectrum (Fig. 5)
of N-(3-(2-((2-hydroxyethyl)dimethylammonio)-acetoxy)propyl)-
N,N-dimethyldodecan-1-aminium chloride bromide showed dif-
oxy)propyl)-N,N-dimethyldodecan-1-aminium chloride bromide.



Fig. 5. 1H NMR spectrum of N-(3-(2-((2-hydroxyethyl)dimethylammonio)acetoxy)propyl)-N,N-dimethyldodecan-1-aminium chloride bromide.

Fig. 6. 1H NMR spectrum of N-(3-(2-(phenyldiethylammonio)acetoxy)propyl)-N,N-dimethyldodecan-1-aminium chloride bromide.
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ferent bands at d = 0.8671 ppm (t, 3H, NCH2CH2(CH2)9CH3);
d = 1.2415 ppm (m, 18H, NCH2CH2(CH2)9CH3); d = 1.7291 ppm (m,
2H, NCH2CH2(CH2)9CH3); d = 3.4991 ppm (t, 2H, NCH2CH2(CH2)9-

CH3); d = 3.3401 ppm (s, 12H, 2(CH3NCH3)); d = 3.5159 ppm
(t, 2H, NCH2CH2CH2COOCH2N); d = 2.000 ppm (t, 2H, NCH2CH2CH2-

COOCH2N); d = 4.1166 ppm (t, 2H, NCH2CH2CH2COOCH2N);
d = 4.1166 ppm (s, 2H, NCH2CH2CH2COOCH2N); d = 3.5159 ppm (t,
2H, NCH2CH2OH); d = 3.7268 ppm (t, 2H, NCH2CH2OH);
d = 7.2545 ppm (s, 1H, NCH2CH2OH). The data of 1H NMR spectra
confirmed the expected hydrogen proton distribution in the
synthesized N-(3-(2-((2-hydroxyethyl)dimethylammonio)acet-
oxy)propyl)-N,N-dimethyldodecan-1-aminium chloride bromide.
3.1.5. N-(3-(2-(phenyldiethylammonio)acetoxy)propyl)-N,N-
dimethyldodecan-1-aminium chloride bromide (Inhibitor Q3)
3.1.5.1. 1H NMR spectroscopy. 1H NMR (DMSO-d6) spectrum (Fig. 6)
of N-(3-(2-(phenyldiethylammonio)acetoxy)propyl)-N,N-dimeth-
yldodecan-1-aminium chloride bromide showed different bands
at d = 0.7861 ppm (t, 3H, NCH2CH2(CH2)9CH3); d = 1.1132 ppm
(m, 18H, NCH2CH2(CH2)9CH3); d = 1.6451 ppm (m, 2H, NCH2CH2

(CH2)9CH3); d = 3.4165 ppm (t, 2H, NCH2CH2(CH2)9CH3);
d = 3.1414 ppm (s, 12H, 2(CH3NCH3)); d = 3.5678 ppm (t, 2H, NCH2

CH2CH2COOCH2N); d = 1.9431 ppm (t, 2H, NCH2CH2CH2COOCH2N);
d = 4.5919 ppm (t, 2H, NCH2CH2CH2COOCH2N); d = 4.6699 ppm
(s, 2H, NCH2CH2CH2COOCH2N); d = 3.5969 ppm (d, 6H,COON(CH2-
CH3)2; d = 1.1605 ppm (d, 6H,COON(CH2CH3)2; d = 7.3339 ppm (d,
2H, o-benzelidine nucleus); d = 7.3339 ppm (t, 2H, m-benzelidine
nucleus); d = 7.1200 ppm (t, 1H, p-benzelidine nucleus). The data
of 1H NMR spectra confirmed the expected hydrogen proton distri-
bution in the synthesized N-(3-(2-(phenyldiethylammonio)acet-
oxy)propyl)-N,N-dimethyldodecan-1-aminium chloride bromide.
3.2. Weight loss

The inhibition efficiency of the prepared cationic surfactants
was determined in a test solution of 1 M HCl on API X65 steel pipe-
line surface. The value of corrosion rate (k) was calculated from the
following equation [27]:

k ¼ DW
St

ð1Þ

where DW is the average weight loss of three parallel API X65 steel
pipeline sheets, S is the total area of the specimen, and t is the
immersion time.

The surface coverage, h, and the corrosion inhibition efficiency,
(gw), on API X65 steel pipelines were calculated using the following
equations [28,29]:

h ¼ W �Wo

W

� �
ð2Þ
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gw ¼
W �Wo

W

� �
� 100 ð3Þ

where W and Wo are the values of the weight loss without and with
addition of the inhibitor, respectively.

Fig. 7 shows the behavior of API X65 steel pipeline in the pres-
ence of the inhibitor Q3 as a representative of the synthesized
inhibitors at different concentrations and various temperatures.
The corrosion rate, surface coverage and corrosion inhibition effi-
ciency values of API X65 steel pipeline in 1 M HCl with and without
different concentrations of the synthesized inhibitors at various
temperatures are listed in Table 1. It was observed that the corro-
sion inhibition efficiency increased with increasing the concentra-
tion and decreasing the temperature. The best efficiency was
obtained at 5 � 10�3 M at 20 �C. The inhibition efficiency of the
studied inhibitors at different concentrations followed this order:

Q3 > Q 2 > Q1

The obtained results were found to be in agreement with the gen-
eral structure of the synthesized di-quaternary surfactants where
the best efficiency obtained for surfactant (Q3) that has the highest
electronic density located on the molecular head, which is com-
posed of the benzene ring along with the ethanol and isopropyl
groups. The head molecule is located coplanar to the metallic sur-
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Fig. 7. Variation of the inhibition efficiency with different concentrations of
inhibitor Q2 at various temperatures.

Table 1
Potentiodynamic polarization parameters for carbon steel corrosion in 1.0 M HCl in the
ammonium salts at 20 �C

Inhibitor name Conc. of inhibitor (M) Ecorr mV(SCE) ic

Absence 0.00 �511 0
Q1 1 � 10�5 �508 0

5 � 10�5 �513 0
1 � 10�4 �520 0
5 � 10�4 �526 0
1 � 10�3 �524 0
5 � 10�3 �527 0

Q2 1 � 10�5 �513 0
5 � 10�5 �509 0
1 � 10�4 �507 0
5 � 10�4 �515 0
1 � 10�3 �508 0
5 � 10�3 �505 0

Q3 1 � 10�5 �512 0
5 � 10�5 �506 0
1 � 10�4 �520 0
5 � 10�4 �423 0
1 � 10�3 �526 0
5 � 10�3 �525 0
face with the aliphatic chain placed perpendicular to the surface
to retard the corrosive medium; these features facilitate the adsorp-
tion process on the metallic surface. Consequently, the increase of
the inhibitor efficiency was ascribed to the molecular weight only,
which is directly related to the head group of the synthesized di-
quaternary ammonium salts and also to the surface extent cover-
age. In addition, molecules that were adsorbed on the metallic sur-
face to form a more compact layer on it, which in turns reduced the
diffusion of the corrosive medium towards the substrate. On the
other hand, the film formed by the compound Q3 is more compact
than that of Q2 and Q1 which is due to its higher electronic density
located on the molecular head.
3.3. Electrochemical impedance measurements

In order to gain more information about the corrosion inhibition
phenomena, EIS measurements was carried out for API X65 steel
pipeline in 1 M HCl solution in the presence and absence of the
synthesized di-quaternary ammonium salts. Fig. 8 shows Nyquist
plots of the effect of the prepared surfactants concentration on
the impedance response of API X65 steel pipeline in 1 M HCl solu-
tion at 20 �C. Inspection of the data revealed that the response of
the system in the Nyquist complex plane is depressed semicircle
which is attributed to the heterogeneity of the surface and the sur-
face roughness [30].

Fig. 9 shows Bode plots of the effect of the prepared surfactants
concentration on the impedance response of API X65 steel pipeline
in 1 M HCl solution at 20 �C. As seen from Fig. 9, Bode plots refer to
the existence of an equivalent circuit that contains a single con-
stant phase element in the metal/solution interface. The increase
of absolute impedance at low frequencies in Bode plot confirmed
the higher protection with the increasing of inhibitor concentra-
tion, which is related to the adsorption of inhibitor on the carbon
steel surface [31]. Fig. 10 shows Phase plots of the effect of the pre-
pared surfactants concentration on the impedance response of API
X65 steel pipeline in 1 M HCl solution at 20 �C. Fig. 10 shows one
time constant only at all concentrations of the synthesized inhibi-
tors. Also, it shows that the phase angle depression at relaxation
frequency decreased with increasing the inhibitor concentration
which indicated that the capacitive response increased with
increasing the inhibitor concentration. This behavior could be
absence and presence of different concentrations of the synthesized di-quaternary

orr (mA cm�2) ba (mV dec�1) bc (mV dec�1) gp (%)

.4837 166 �151 –

.2861 153 �142 41.45

.2496 150 �197 48.40

.1421 148 �159 70.62

.0353 142 �143 92.70

.0253 143 �165 94.77

.0221 142 �143 95.43

.2514 170 �191 49.62

.1942 176 �156 59.85

.1151 129 �194 76.20

.0294 145 �148 93.92

.0226 189 �171 95.33

.0182 149 �178 96.24

.2176 168 �150 55.01

.1087 125 �169 77.53

.0857 163 �150 82.28

.0287 117 �149 94.07

.0163 188 �188 96.63

.0136 189 �188 97.19
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Fig. 11. Suggested equivalent circuit model for the studied systems.
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attributed to the corrosion activity which is decreased with
increasing the concentration of the synthesized inhibitors.

From EIS results, an electrical equivalent circuit (EEC) could be
proposed to model the electrolyte/steel interface, presented in
Fig. 11. This EEC is constituted of one constant phase elements,
respectively, composed of a component Yo and a coefficient n.
The coefficient n can characterize different physical phenomena
like surface inhomogeneous resulting from surface roughness,
impurities, inhibitor adsorption and porous layer formation.

The impedance, ZCPE, for a circuit including a CPE was calculated
from the following equation [32,33]:

ZCPE ¼
1

YoðJxÞn
ð4Þ

where Yo is a proportional factor, J2 = �1, x = 2pf and n is the phase
shift. For n = 0, ZCPE represents a resistance with R ¼ Y�1

o , for n = 1 a
capacitance with C = Yo, for n = 0.5 a Warburg impedance with
W = Yo and for n = �1 an inductive with L ¼ Y�1

o .
The double layer capacitance, Cdl, for a circuit including a CPE

was calculated from the following equation [32,33]:

Cdl ¼ YoðxmaxÞn�1 ð5Þ

where xmax = 2pfmax and fmax is the frequency at which the imagi-
nary component of the impedance is maximal.
The inhibition efficiency (gI) was calculated using the following
equation [34]:

gI ¼
Ro

ct � Rct

Ro
ct

� �
� 100 ð6Þ

where Ro
ct and Rct are the charge transfer resistance values in the

presence and absence of the inhibitor, respectively.
Solution resistance (Rs), charge transfer resistance (Rct) and dou-

ble layer capacitance (Cdl) were determined using EIS measure-
ments and given in Table 2. These parameters could be
concluded as follows:

(1) The diameter of Nyquist semicircle (charge transfer resis-
tance (Rct)) increased with increasing the concentration of
the synthesized di-quaternary ammonium salts indicating
that the corrosion resistance of the API X65 steel pipeline
samples is mainly controlled by charge-transfer process.

(2) Cdl values decreased with increasing inhibitor concentration.
This is due to the gradual replacement of water molecules in
the double layer by the adsorbed inhibitor molecules which
form on adherent film on the metal surface and lead to
decrease in the local dielectric constant of the metal solution
interface.

(3) The inhibition efficiency of three synthesized inhibitors
increased with increasing inhibitor concentration. This is
due to increasing the surface coverage by the inhibitor.

(4) The corrosion inhibition efficiency of three synthesized
inhibitors decreased in the following sequences:
Q3 > Q2 > Q1.

3.4. Polarization measurements

Potentiodynamic polarization curves for API X65 steel pipeline
in 1.0 M HCl containing various concentrations of inhibitor Q3 at
20 �C are shown in Fig. 12. The corrosion current density values
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were estimated accurately by extrapolating both the cathodic and
anodic linear region back to the corrosion potential.

The inhibition efficiency (gp) was calculated using the following
equation [23]:
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Fig. 12. Anodic and cathodic polarization curves for API X65 steel pipeline obtained
at 20 �C in 1 M HCl solution in the absence and presence of different concentrations
of inhibitor Q2. (1) 1 M HCl, (2) 1 � 10�5 M, (3) 5 � 10�5 M, (4) 1 � 10�4 M, (5)
5 � 10�4 M, (6) 1 � 10�3 M and (7) 5 � 10�3 M.
gp ¼
icorr � io

corr

icorr

� �
� 100 ð7Þ

where io
corr and icorr are the corrosion current density values with

and without inhibitor, respectively.
The electrochemical corrosion parameters of corrosion current

densities (icorr), corrosion potential (Ecorr), cathodic Tafel slope
(bc), anodic Tafel slope (ba) and the inhibition efficiency (gp) as
functions of inhibitors concentrations, are given in Table 3. These
parameters could be concluded as follows:

(1) The corrosion current density (icorr) decreased with increas-
ing the concentration of the three synthesized inhibitors
which indicated that these compounds act as inhibitors,
and the degree of inhibition depends on the concentrations
of inhibitor.

(2) The presence of the synthesized di-quaternary ammonium
salts are slightly shifted Ecorr to negative and positive direc-
tion, which indicates that the synthesized di-quaternary
ammonium salts act as a mixed-type inhibitor [35].

(3) Tafel slope of bc and ba is slightly changed upon addition of
inhibitors compared to blank, which implies that the inhib-
itors molecules are blocked for both cathodic and anodic
sites resulting in an inhibition of the cathodic and anodic
reactions.

(4) The corrosion inhibition efficiency of three synthesized
inhibitors decreases in the following sequences
Q3 > Q2 > Q1.

It could be concluded that the inhibition efficiency found from
weight loss, electrochemical impedance spectroscopy and polari-
zation curves measurements are in a good agreement.
3.5. Adsorption isotherm

The adsorption of inhibitor molecules on metal surface is a sub-
stitute process, in which the water molecules adsorbed on the me-
tal surface are replaced by inhibitor molecules. In order to get a
Table 2
EIS parameters for corrosion of carbon steel in 1.0 M HCl in the absence and presence of d

Inhibitor name Conc. of inhibitor (M) Rs (X cm2) Qdl (O�1 sn cm�2

Absence 0.00 3.52 0.0002215
Q1 1 � 10�5 1.24 0.0001798

5 � 10�5 1.25 0.0001745
1 � 10�4 2.80 0.0001585
5 � 10�4 3.67 0.0001366
1 � 10�3 3.26 0.0000656
5 � 10�3 3.04 0.0000210

Q2 1 � 10�5 4.19 0.0001263
5 � 10�5 5.11 0.0000803
1 � 10�4 3.46 0.0000751
5 � 10�4 2.66 0.0000598
1 � 10�3 4.28 0.0000429
5 � 10�3 8.34 0.0000391

Q3 1 � 10�5 1.82 0.0000129
5 � 10�5 2.03 0.0000513
1 � 10�4 3.09 0.0000437
5 � 10�4 2.95 0.0000359
1 � 10�3 3.28 0.0000246
5 � 10�3 3.71 0.0000110
better understanding for the adsorption mechanism, the Langmuir
adsorption isotherm equation was employed [36]:

C
h
¼ 1

Kads
þ C ð8Þ

where h is the surface coverage, which can be calculated from the
weight loss experimental results, C is the molar concentration of
the inhibitor and Kads is the standard adsorption equilibrium
constant.

The plots of C/h versus C yielded a straight line with a slope near
1 at different temperatures as shown in Fig. 13. This isotherm
clearly revealed that the adsorption of the synthesized di-quater-
nary ammonium salts on the API X65 steel pipeline surface obeyed
the Langmuir adsorption isotherm and the inhibitor molecules are
adsorbed on API X65 steel pipeline surface forming a film, which
prevents the API X65 steel pipeline from corrosion induced by
the medium. The standard adsorption equilibrium constant (Kads)
of the synthesized di-quaternary ammonium salts are given in
Table 4. It can be seen that Kads values decreased with temperature
ifferent concentrations of the synthesized di-quaternary ammonium salts at 20 �C

) n Error of n Rct (X cm2) Cdl (lF cm�2) gI (%)

0.83 1.22 36.2 128.2 –
0.90 2.24 57.5 80.6 37.0
0.90 1.94 66.7 71.8 45.7
0.79 0.93 133.1 35.5 72.8
0.71 0.68 457.7 19.5 92.1
0.81 0.56 550.7 11.1 93.4
0.86 0.59 1079.0 9.0 96.6

0.85 1.04 70.85 69.8 48.9
0.91 0.79 85.0 51.3 57.4
0.71 1.05 193.2 27.0 81.2
0.86 1.02 541.0 15.5 93.3
0.70 0.50 870.5 9.6 95.8
0.76 0.75 1203.0 6.3 97.0

0.91 1.22 78.3 70.5 53.7
0.85 1.04 174.7 24.7 79.3
0.64 1.12 248.0 22.9 85.4
0.80 0.83 921.7 10.5 96.1
0.70 0.50 1479.0 6.9 97.6
0.70 0.50 1566.0 4.6 97.7



Table 3
Weight loss data for carbon steel 1.0 M HCl in the absence and presence of different concentrations of the synthesized di-quaternary ammonium salts at various temperatures

Inhibitor name Inhibitor conc. (M) 20 �C 45 �C 70 �C

k (mg cm�2 h�1) h gw (%) k (mg cm�2 h�1) h gw (%) k (mg cm�2 h�1) h gw (%)

Absence 0.00 0.463 – – 2.372 – – 8.319 – –
Q1 1 � 10�5 0.277 0.40 40.0 1.660 0.30 30.0 6.110 0.27 26.5

5 � 10�5 0.240 0.50 50.0 1.510 0.39 39.2 6.010 0.29 28.5
1 � 10�4 0.150 0.73 73.0 1.410 0.50 50.0 5.990 0.30 30.0
5 � 10�4 0.035 0.92 92.0 0.360 0.84 84.0 1.650 0.79 79.0
1 � 10�3 0.011 0.94 94.0 0.113 0.92 92.0 0.595 0.90 90.0
5 � 10�3 0.009 0.97 97.0 0.099 0.95 94.5 0.511 0.91 91.0

Q2 1 � 10�5 0.250 0.50 50.0 1.610 0.33 33.0 6.080 0.28 27.5
5 � 10�5 0.204 0.60 55.9 1.420 0.44 44.0 5.950 0.30 30.0
1 � 10�4 0.111 0.80 80.0 1.190 0.60 60.0 5.900 0.31 31.0
5 � 10�4 0.029 0.94 94.4 0.333 0.85 85.0 1.590 0.81 80.6
1 � 10�3 0.009 0.96 96.0 0.099 0.94 94.0 0.510 0.91 91.0
5 � 10�3 0.007 0.98 98.0 0.091 0.96 96.0 0.501 0.93 92.8

Q3 1 � 10�5 0.208 0.55 55.0 1.542 0.35 35.0 5.990 0.29 28.5
5 � 10�5 0.110 0.79 79.0 1.300 0.49 49.0 5.710 0.32 32.0
1 � 10�4 0.092 0.86 85.5 0.995 0.63 62.5 5.600 0.35 35.0
5 � 10�4 0.022 0.96 95.5 0.307 0.86 86.2 1.510 0.82 82.0
1 � 10�3 0.006 0.99 98.5 0.083 0.97 96.5 0.416 0.95 95.0
5 � 10�3 0.003 1.0 99.5 0.059 0.98 97.5 0.322 0.96 96.0
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Fig. 13. Langmuir’s adsorption plots for API X65 steel pipeline in 1 M HCl solution
containing different concentrations of inhibitor Q2 at 20 �C.

Table 4
Standard thermodynamic parameters of the adsorption on carbon steel surface in
1.0 M HCl containing different concentrations of the synthesized di-quaternary
ammonium salts at various temperatures

Inhibitor
name

Temperature
(�C)

Kads

(�104 M�1)
DGo

ads

kJ mol�1
DHo

ads

kJ mol�1
DJo

ads

J mol�1 K�1

Q1 20 3.33 �35.15 �20.76 49.11
45 1.63 �36.26 48.74
70 0.98 �37.66 49.27

Q2 20 3.99 �35.6 �22.97 43.10
45 1.98 �36.78 43.42
70 1.00 �37.72 43.00

Q3 20 6.61 �36.82 �30.13 22.83
45 2.17 �37.02 21.67
70 1.08 �37.94 22.77

62 M.A. Hegazy et al. / Corrosion Science 81 (2014) 54–64
increasing, suggesting that the elevated temperature facilitates the
desorption of the synthesized inhibitors from API X65 steel pipe-
line surface and hence, the adsorption of the inhibitor decreased
with the increasing of temperature. The high value of Kads indicated
that the synthesized inhibitors possess strong adsorption ability
onto the API X65 steel pipeline surface.
The standard free energy of adsorption (DGo
ads) was calculated

by the following equation [37]:

DGo
ads ¼ �RT lnð55:5KadsÞ ð9Þ

where the value of 55.5 is the molar concentration of water in the
solution expressed in molarity unit, R is the universal gas constant
and T is the absolute temperature.

The standard free energy of adsorption (DGo
ads) of the synthe-

sized di-quaternary ammonium salts are given in Table 4. It can
be seen that all DGo

ads values for the synthesized inhibitors are ran-
ged between �20 and �40 kJ mol�1 which indicated that the
adsorption mechanism of the prepared di-quaternary ammonium
salts on the API X65 steel pipeline surface in 1 M HCl solution is
a mixed from physical and chemical adsorption [38].

The enthalpy can be deduced from the Van’t Hoff equation [39–
42].

ln Kads ¼ �
DHo

ads

RT

� �
þ constant ð10Þ

where Kads is the standard adsorption equilibrium constant, DHo
ads is

the adsorption heat, which can be determined from the slope
(�DHo

ads=R) of the line ln Kads against 1/T (see Fig. 14). The standard
adsorption enthalpy values obtained from Eq. (9) are also given in
Table 4. The obtained negative values of DHads confirm the exother-
mic behavior of the adsorption process of the prepared di-quater-
nary ammonium salts on the API X65 steel pipeline surface in 1 M
HCl solution. While, an endothermic adsorption process (DHads > 0)
is attributed unequivocally to chemisorption. An exothermic
adsorption process (DHads < 0) may involve either physisorption
or chemisorption or a mixture of both processes [43,44].

The standard adsorption entropy, DSo
ads, was calculated from the

following equation [45,46]:

DGo
ads ¼ DHo

ads � TDSo
ads ð11Þ

The standard adsorption entropy values obtained from Eq. (11) are
also given in Table 4. Inspection of Table 4 revealed that the sign of
DSo

ads is positive. This is opposite to what would be expected, since
adsorption is always accompanied by a decrease of entropy. The
reason could be explained as follow: The adsorption of organic
inhibitor molecules from the aqueous solution can be regarded as
a quasi-substitution process between the organic compound in
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the aqueous phase [Org(sol)] and water molecules at the electrode
surface [H2O(ads)]

OrgðsolÞ þ xH2OðadsÞ $ OrgðadsÞ þ xH2OðsolÞ ð12Þ

where x is the size ratio, which is the number of water molecules
replaced by one organic inhibitor. In this situation, the adsorption
of the synthesized di-quaternary ammonium salts is accompanied
by desorption of water molecules from the surface. Thus, when
the adsorption process for the inhibitor is believed to be associated
with a decrease in entropy of the solute, the opposite is true for the
solvent. The thermodynamic values obtained are the algebraic sum
of the adsorption of organic molecules and desorption of water mol-
ecules [47]. Therefore, the gain in entropy is attributed to the in-
crease in solvent entropy. The positive values of DSo

ads also mean
that an increasing in disordering takes place in reactants adsorption
form inhibitor to the metal/solution interface, which is the driving
force for the adsorption of inhibitor onto steel surface [48].

3.6. Inhibition mechanism

The adsorption of organic molecules on the solid surfaces may
be physisorption or chemisorption or a mixture of both processes.
In physical adsorption, inhibitor molecules can also be adsorbed on
the steel surface via electrostatic interaction between the charged
metal surface and the charged inhibitor molecule. Chemical
adsorption of the inhibitors arises from the donor acceptor interac-
tions between the free electron pairs of heteroatoms and p-elec-
trons of multiple bonds as well as a phenyl group and vacant
d-orbital’s of iron [49,50]. The orientation of molecules may
depend on the pH and/or electrode potential [51]. In the case of
parallel adsorption of inhibitor molecules, the steric factors also
must be taken into consideration. The adsorption free energy val-
ues are ranged between �20 and �40 kJ mol�1 which indicate that
the adsorption mechanism of the prepared di-quaternary ammo-
nium salts on the API X65 steel pipeline surface in 1 M HCl solution
is a mixed of physical and chemical adsorption.

Because API X65 steel pipeline surface has a positive charge, Cl-

ions may be adsorbed first onto the positively charged metal sur-
face, and then the inhibitor molecules are adsorbed through elec-
trostatic interactions between the negatively charged metal
surface and positively charged di-quaternary ammonium salts
molecules (Q+) and form a protective (FeCl�Q+)ads layer. Cationic
surfactant molecules are also adsorbed at cathodic sites of metal
in competition with hydrogen ions, while counters ions are ad-
sorbed on the anodic sites of metal or formed (FeCl�Q+Br�)ads layer
to retard the dissolution of metals. At high temperatures, the donor
acceptor interaction between free electron pairs of nitrogen and
oxygen atoms of the synthesized inhibitors and vacant d-orbital’s
of iron was found. The adsorption of cationic surfactant molecules
reduced the rate of hydrogen evolution reaction. Finally, the high
inhibition efficiency of the synthesized di-quaternary ammonium
salts can be contributed to the presence of two ammonium ions
as polar groups and one fatty alkyl chain as a nonpolar group.
Therefore, its concentration at the interface is larger than in the
bulk of corrosive media. In addition, a large size and a high molec-
ular weight of the synthesized di-quaternary ammonium salts
molecules can also contribute to the greater inhibition efficiency.
It was found that the best di-quaternary ammonium salts was
inhibitor (Q3). This could be due to benzene ring (more activating)
existing in inhibitor (Q3), which can form coordinated bonds with
X65 steel pipeline through the presence of three double bonds and
lone pairs of electrons, in addition to the hydrophobicity and pla-
narity of benzene ring on the steel surface. However, (–OH) group
is weaker electron donors (moderately activating) than a benzene
ring and hence inhibitor (Q2) showed a lower inhibition efficiency
than inhibitor (Q3). Likewise, isopropyl group (–CH(CH3)2) group is
not an electron donor (not activating) and hence, inhibitor (Q1)
showed the lowest inhibition efficiency. Therefore, inhibitor (Q3)
has more binding molecules with the metal and thereby more inhi-
bition efficiency was observed.

The prepared surfactants showed more enhanced inhibition
efficiency values than the reported ones [52–55]. It was reported
recently that the inhibition efficiency of mild steel corrosion in
HCl solution by triazole derivatives, 5-amino-1,2,4-triazole, 5-ami-
no-3-mercapto-1,2,4-triazole, 5-amino-3-methylthio-1,2,4-tria-
zole and 1-amino-3-methylthio-1,2,4-triazole reached 65–84% at
1 � 10�2 M [52]. Also, it was found that benzimidazole, 2-hydroxy-
benzimidazole, 2-aminomethylbenzimidazole, 2-(2-pyridyl)benz-
imidazole and 2-aminobenzimidazole exhibited inhibition
efficiency percentages, 51.0–78.2%, using amounts of the inhibitors
in the range of 1 � 10�2 M [53]. In the same respect, Khaled et al.
[54] reported that the inhibition efficiency of mild steel corrosion
in HCl solution by 4-methyl pyrazole reached only 70.13% at
1 � 10�2 M and duplication of the added amount achieved effi-
ciency of 97.7%. In addition, Amin et al. [55] have studied the appli-
cability of alanine, cysteine and S-methyl cysteine as corrosion
inhibitors for iron in 1 M HCl and showed that the inhibition effi-
ciency for these compounds reached 75.0–92.9% in the presence
of concentration equals 5 � 10�3 M.

The adsorption of inhibitor molecules depends mainly on cer-
tain physicochemical properties such as the chemical nature of
the functional groups, steric factors, aromaticity, electron density
of the donor atoms, the p orbital character of the donating elec-
trons and the electronic structure of the molecules. The superior
inhibition efficiency of the prepared di-quaternary ammonium
salts may be due to the fact that the surfactants are concentrated
at the interface between carbon steel and corrosive solution more
than the bulk which is opposite in the case of organic amines
where their concentrations at interface and bulk of corrosive solu-
tion are approximately the same. The high performance of the
investigated di-quaternary ammonium salt is attributed to the
presence of many adsorption centers, large molecular size and
the planarity of the compounds which covers wide areas of the me-
tal surface and thus preventing the general corrosion.
4. Conclusions

(1) The synthesized novel di-quaternary ammonium salts inhib-
itors are good inhibitors for the corrosion of API X65 steel
pipeline in 1 M HCl solution.
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(2) Inhibition efficiency values increased with increasing the
inhibitor concentration and decreasing the temperature.
The inhibition efficiency increased in the order: Q3 > Q2 >
Q1.

(3) The inhibitors acted as mixed-type inhibitors and the inhibi-
tion is caused by active sites blocking effect.

(4) EIS spectra exhibited one capacitive loop which indicated
that the corrosion reaction is controlled by charge transfer
process. The addition of inhibitors to 1 M HCl solution
enhanced Rct values while reduced Cdl values.

(5) The adsorption of inhibitors on API X65 steel pipeline sur-
face obeyed Langmuir adsorption isotherm. The adsorption
process is physically and exothermically which accompa-
nied by an increase in the entropy.
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