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Abstract The inhibitive effects of newly synthesized non-ionic surfactant based on alkylene

diamine surfactants on X-65 carbon steel in formation water was investigated by means of

electrochemical techniques and quantum chemical study. These derivatives were characterized

by FT-IR, and the surface tension and thermodynamic parameters were calculated. The polar-

ization showed that the inhibition efficiency of the prepared compounds was increased with

increasing the length of the internal alkyl chain between the two terminal amino groups of dia-

mine. The electronic properties obtained using quantum chemical approach were correlated with

the experimental inhibition efficiencies. The surface morphology of carbon steel was investigated

using SEM.
� 2016 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Carbon steel has been widely employed as construction mate-

rials for pipe work in the oil and gas production such as down
hole tubular, piping systems and transmission pipelines [1].
Corrosion in the oil field appears as leak in tanks, casing, tub-

ing, pipeline and other equipment. This process changes the
base metal to another type of materials. The most corrosive
environment in oil field operations is caused by trace amounts

of oxygen entering into a sour brine system, as well as the large
amounts of carbon dioxide and hydrogen sulfide present in a
deep oil well water (formation water) [2]. This type of corro-
sion forms a scale which varies from dense and adherent to
loose, porous and thick [3]. Corrosion inhibitors (mainly, sur-

factants) are widely employed in the petroleum industry to
protect iron and steel equipment used in drilling, production,
transport and refining of hydrocarbons [4,5]. The efficiency
of the inhibition film depends on the inhibitor concentration

and contact time with the metal surface. In fact, introducing
of ethylene oxides into surfactant molecule (ethoxylation)
increases the inhibiting effect of surfactant [6]. The presence

of these groups increases the solubility of surfactant and hence
the extent of its adsorption on the metal surface increases and
consequently its inhibitive action improves. Many studies on

the inhibition of the corrosion of carbon steel by some ethoxy-
lated surfactants have been carried out in different corrosive
environments [7–11]. Quantum chemical methods have already

proven to be very useful in determining the molecular structure
hibition
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Table 1 Chemical Composition of Carbon Steel alloy in wt%.

Element C Mn Si S P Cr Ni V Al Mo Cu Fe

Content (wt%) 0.09 1.52 0.22 0.05 0.01 0.02 0.04 0.002 0.04 0.004 0.02 Rest

Table 2 Chemical composition and physical properties of

deep oil wells formation water used in this investigation.

Property Value

Density (g/cm3) 1.044

Turbidity (FAU) 263

PH 6.38

Salinity as NaCl (mg/1) 120.29

Ionic species Value

Sulfate 6.5 (mg/1)

Phosphate 0.771 (mg/1)

Bi-carbonate 143 (mg/1)

Chloride 7300 (mg/1)

Vanadium as V2O5 450 (lg/1)
Iron ferrous 23 (mg/1)

Iron, total 42 (mg/1)

Calcium 800 (mg/1)

Magnesium 364 (mg/1)

Barium 105 (mg/1)

Potassium 250 (mg/1)

Zinc 1.359 (mg/1)
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as well as elucidating the electronic structure and reactivity
[12]. Thus, it has become a common practice to carry out

quantum chemical calculations in corrosion inhibition studies.
The concept of assessing the efficiency of a corrosion inhibitor
Figure 1 FTIR spectra for (a) pure 1,8 diami
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with the help of computational chemistry is to search for com-
pounds with desired properties using chemical intuition and

experience into a mathematically quantified and computerized
form. Once a correlation between the structure and activity or
property is found, any number of compounds, including those

not yet synthesized, can be readily screened employing compu-
tational methodology [13] and a set of mathematical equations
which are capable of representing accurately the chemical phe-

nomenon under study [14,15]. The study of corrosion processes
and their inhibition by organic inhibitors is a very active field
of research [16]. Many researchers report that the inhibitory
effect mainly depends on some physicochemical and electronic

properties of the organic inhibitor, which relate to its func-
tional groups, steric effects, electronic density of donor atoms,
and orbital character of donating electrons, and so on [17,18].

The inhibiting mechanism is generally explained by the forma-
tion of a physical and/or chemically adsorbed film on the metal
surface [19,20]. This work aims to synthesis new ethoxylated

non-ionic surfactants based on 1,4 diaminobutane, 1,6
diaminohexane and 1,8 diaminooctane. The work should be
extended to evaluate them as corrosion inhibitors for carbon
steel pipelines in deep oil wells formation water. The HOMO

and LUMO calculations were used to evaluate the corrosion
inhibition efficiency of these surfactants in the light helping
of computational chemistry to the practical finding by poten-

tiodynamic techniques.
noctane, (b) ethoxylated 1,8 diaminoctane.

factants based on alkylene diamine and evaluation of their corrosion inhibition
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Table 3 Surface active and thermodynamic properties of DAB, DAH100 and DAO100 at 25 �C different ratios of ethylene oxide at

room temperature.

Surfactants Temp. CMC mole/dm3 ccmc, mN/m Cmax, mol/m2 Amin, nm
2 PCMC DGmic, kJ/mol DGads, kJ/mol

DABE100 25 �C 5 � 10�4 47 1.032 � 10�10 149.3 25.3 �19.1 �21.59

DAHE100 25 �C 3.22 � 10�4 44 1.11 � 10�10 160.8 28.3 �20.9 �23.4

DAOE100 25 �C 3.0 � 10�4 41 9.28 � 10�11 178.7 31.3 �22.7 �26.11
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2. Experimental and techniques

2.1. Materials

The working electrode is prepared from a cylindrical carbon

steel bar of composition presented in Table 1. The electrode
is inserted in a Teflon tube and isolated with epoxy so that only
its cross-sectional area (0.5 cm2) is allowed to contact the
aggressive solutions. The electrode is polished using different

grades of emery paper (600, 800 and 1200) before each exper-
iment, and then rinsed with triply distilled water and finally
degreased with acetone.

2.2. Deep oil wells formation water

Deepest oil wells formation water naturally exists in the reser-

voir rocks before drilling. Most oil field water contains a vari-
ety of dissolved organic and inorganic compounds. The major
Table 4 Electrochemical polarization parameters for the corro

concentrations of the investigated inhibitors.

Inhibitor blank Concentration, ppm �Ecorr, mV vs. SCE

0 940.8

DABE100 25 856

50 835.8

75 851

100 838.2

125 819.2

DAHE100 25 861.7

50 860.6

75 859.6

100 838.9

125 829.4

DAOE100 25 858.2

50 825.7

75 849.8

100 824.2

125 810.3

DAOE50 25 883.5

50 876.6

75 857.2

100 844.2

125 830

DAOE150 25 904.6

50 895.8

75 864.7

100 852.6

125 840.3
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species usually present are sodium, calcium, magnesium, chlo-
ride, bicarbonate, and sulfate. The chemical composition of

the oil wells formation water used in this investigation and
its physical properties is shown in Table 2.

2.3. Synthesis of the inhibitors

In a 250 ml four-neck flask equipped with a condenser, mag-
netic stirrer, thermometer, ethylene oxide gas inlet and outlet

nozzles. Then Na-metal was added to 1 mol of 1,4-
diaminobutane (DAB) or 1,6-diaminohexane (DAH) or
(1,8-diaminoctane (DAB)) with stirring at 150–160 �C for
about 15 min. Individually, then the ethylene oxide gas was

allowed to pass over each compound. The temperature was
raised gradually up to reflux temperature and then the reaction
mixture was continuously proceeding for 3 h. After that, the

mixture was cooled. The progress of the reaction was evalu-
ated by monitoring the gained weight because of insertion of
ethylene oxide units. The synthesized structures were identified
sion of carbon steel in formation water containing various

Icorr, mA cm�2 ba, mV dec�1 �bc, mV dec�1 gp, %
103.0 800.1 202

16.41 303.3 163.3 84.1

15.85 253.2 168.3 84.6

15.03 252 152.1 85.4

14.52 222.2 182.8 85.9

12.12 199.2 168.2 88.2

24.61 377.1 164.5 76.1

20.786 270.6 172.9 79.8

17.10 307.9 172.9 83.4

14.68 191 163.9 85.7

13.46 234.6 179.2 86.9

38.72 318.7 183.8 62.4

27.017 188.6 163.8 73.8

24.212 205.3 161.2 76.5

23.113 256.6 173.5 77.6

16.6 163.4 133.8 83.9

45.395 416.2 173.9 55.9

27.127 323.3 161.6 73.7

25.457 256 179.4 75.3

24.099 214.1 147.7 76.6

21.126 239.4 163.3 79.5

31.419 257.5 144.1 69.4

23.826 254.7 157.2 76.8

21.82 243.2 177.5 78.8

18.54 170.5 175.6 82

15.049 122.6 182.9 85.3

actants based on alkylene diamine and evaluation of their corrosion inhibition
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Figure 2 Surface tension vs. ln C of the three surfactants

[DABE100, DAHE100, DAOE100] at room temperature.
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by IR spectroscopic analyses. The FTIR spectrum of the puri-
fied (dried) and ethoxylated samples is shown in Fig. 1(a and b)

for the 1,8 diaminooctane as representative samples, and it
shows that stretching band at 3400 cm�1 for NH2 and OH
group. The characteristic band for the ethoxylation appeared

at 1104 cm�1. The stretching bands at 2923 and 2854 cm�1

are denoted to CH2 of the alkylene group.

2.4. Surface tension measurements (c)

The surface tension (c) was measured using (Kruss K6
Tensiometer type, a direct surface tension measurement using
the ring method) for various concentrations of the investigated

surfactants.

2.5. Potentiodynamic polarization measurements

The electrochemical measurements were carried out using Volta
lab80 (Tacussel-radiometer PGZ402) controlled by Tacussel
Figure 3 Schematic representation for adsorption process of surfacta

the inhibitor, (B) before CMC, (C) at CMC, (D) after CMC.
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corrosion analysis software model (Volta master 4). A platinum
electrode was used as auxiliary electrode. All potentials were
measured against a saturated calomel electrode (SCE) as a refer-

ence electrode. All the measurements were carried out in air-
saturated solutions and at ambient temperature (298 K).

2.6. Quantum chemical study

The molecular structures of the inhibitors undertaken have
been fully geometrically optimized via single point ab initio

method (3-21G basis set) using Austin model 1 (AM1) with
Hyperchem quantum chemistry software [21]. The quantum
chemical parameters calculated are the energy of the highest

occupied molecular orbital (EHOMO, eV), the energy of the
lowest unoccupied molecular orbital (ELUMO, eV), the energy
gap (DE = ELUMO � EHOMO, eV) and the dipole moment (l,
debye) [22].
3. Results and discussion

3.1. Chemical structure effect

The inhibition efficiency of the organic compounds depends on

many factors, including the number of adsorption sites and
their charge density, molecular size, heat of hydrogenation,
mode of interaction with the metal surface and formation of

metallic complexes [23]. The studied original compounds con-
tain the same number of nitrogen atoms (2 atoms attached to
the molecule) but they differ only in the internal alkyl chains

(No. of carbon atoms). These three starting amines are ethoxy-
lated individually with 100 units from ethylene oxide to yield
the ethoxylated products DAOE100, DAHE100 and DABE100.
Therefore, the difference between them is the number of inter-

nal alkyl chains. This difference is the reason for the good
adsorption of ethoxylated 1,4 diaminobutane (DABE100) than
(DAHE100 and DAOE100).

On the other hand, for the different ethylene oxide number
applied on 1,8 diaminooctane, it was found that DAOE150 is
nt molecules on carbon steel surface: (A) at zero concentration of

factants based on alkylene diamine and evaluation of their corrosion inhibition
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Figure 4 Potentiodynamic polarization curves (E–log I relationship) of carbon steel in formation water in the absence and presence of

different concentrations of inhibitors (a) [DABE100 (b) DAHE100 (c) DAOE100 (d) DAOE50 and (e) DAOE150].
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greater than DAOE100 and DAOE50 in inhibition efficiency,
and this is due to as ethylene oxide increases the solubility of
molecule increase, and then the adsorption on the surface

metal increases, so the efficiency increases.
Hence, the order of increasing inhibition efficiency is as fol-

lows: DABE100 > DAHE100, > DAOE100 with values

88.2 > 86.9 > 83.9% respectively. This is clear in Table 4.
Moreover, as the number of internal alkyl chains decreases,
Please cite this article in press as: A.M. Al-Sabagh et al., Synthesis of non-ionic surf
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the corrosion inhibition efficiency increases significantly, and
also as the number of ethylene oxide increases, the inhibition
efficiency increases.

3.2. Surface activity and thermodynamic properties

The CMC values of the synthesized surfactants were deter-

mined at 298 K from the change in the slope of the plotted
actants based on alkylene diamine and evaluation of their corrosion inhibition
.org/10.1016/j.ejpe.2016.03.001
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Table 5 Electrochemical polarization parameters for the corrosion of carbon steel in formation water containing various

concentrations of the investigated inhibitors.

Inhibitor Blank Concentration, ppm �Ecorr, mV vs. SCE Icorr, mA cm�2 ba, mV dec�1 �bc, mV dec�1 gp, %
0 940.8 103.0 800.1 202

DABE-100e.o 25 861.7 70.3 308.7 163.3 31.75

50 860.6 68.4 253.2 168.3 33.59

75 859.6 63.6 254 152.1 38.25

100 838.9 55.6 243.7 182.8 46.02

125 829.4 53.5 193.7 168.2 48.06

DAHE-100e.o 25 856 71.6 377.1 164.5 30.49

50 835.8 70.7 270.6 172.9 31.36

75 851 69.6 307.9 175 32.43

100 838.2 64.1 223 177.9 37.77

125 819.2 60.2 237 179.2 41.55

DAOE-100e.o 25 858.2 73.8 318.7 183.8 28.35

50 833.4 71.5 188.6 178.4 30.58

75 838.2 68.64 205.3 165.3 33.36

100 824.2 65.7 256.6 173.5 36.21

125 811.3 62.6 163.4 144.7 39.22
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data of surface tension (c) versus the natural logarithm of the
solute molar concentration; ln C, as shown in Fig. 2. The crit-

ical micelle concentration (CMC) is the point of concentration
at which it becomes thermodynamically favorable for surfac-
tant molecules in solution to form aggregates (micelles) in

order to minimize interaction of either their head groups or
their tail groups with the solvent. For the investigation under
poly ethoxylated non-ionic surfactant molecules in water,
mobilization is due to entropy considerations. Water molecules

in close proximity to the hydrophobic group of the surfactant
molecules take on a certain ordered configuration, which is
entropically unfavorable. Once the surfactant concentration

reaches a certain value (CMC), the water structure forces
aggregation of the hydrophobic tail groups forming surfactant
micelles as illustrated in the schematic diagram Fig. 3. Surface

tension plots indicate that each surfactant is molecularly dis-
persed at low concentration, leading to a reduction in surface
tension until certain concentration is reached the surfactant

molecules form micelles, which are in equilibrium with the free
surfactant molecules as shown in Fig. 2 for DABE100,
DAHE100 and DAOE100. The CMC values of the inhibitors
were calculated from the abrupt change in the slope of (c)
against (ln C). The surface active properties of the prepared
inhibitors, effectiveness of surface tension reduction (pcmc),
surface excess concentration (Cmax), minimum surface area

per molecule (Amin), Gibbs free energy of micellization (DGmic)
and Gibbs free energy of adsorption (DGads) were calculated
from the following equations.

pcmc ¼ co � ccmc ð1Þ
where co is the surface tension measured in pure water at the
appropriate temperature and ccmc is the surface tension at
CMC.

Cmax ¼ �½1=RT�½dc=dLnC�T ð2Þ
where (C) is called surface excess concentration of surfactant
(mol/cm3), R is the gas constant (R= 8.314 J/mol K), T is
the temperature in K, c is the surface or interfacial tension
(mN/m) and C is the concentration of surfactant (mol/L).
Please cite this article in press as: A.M. Al-Sabagh et al., Synthesis of non-ionic sur
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Amin ¼ 1016=½Cmax �NA� ð3Þ
where Amin is the surface area per molecule of solute in square
nanometres (nm2), C is the surface excess in mol/m2 and NA is

Avogadro’s number.

DGmic ¼ RTð1þ aÞLnCMC ð4Þ
where R is the gas constant, T, absolute temperature, and a is
the fraction of counter ions bound by the micelle in case of

ionic surfactants (a = 0 for non-ionic surfactant)

DGads ¼ DGmic � ½0:6022� pCMC � Amin� ð5Þ
By careful inspection of the values of CMC, it can be con-

cluded that CMC values increase as the number of ethylene
oxide units increases. It is clear that as the surfactant with lar-

ger ethylene oxide units is more hydrophilic, hence a larger
concentration of them in solution is necessary for micelle for-
mation to become thermodynamically favorable. The data of

surface activity and thermodynamic parameters of the pre-
pared inhibitors are tabulated in (Table 3). The results of the
thermodynamic parameters of micellization expressed by the

standard Gibbs free energy, DGmic, (micellization) and DGads

(adsorption) of the inhibitors are listed in (Table 3). Since
(DGmic < 0), then mobilization has been a spontaneous pro-

cess, and in addition, the DGads negative values are greater
than DGmic, indicating that the inhibitors preferred to adsorb
on the interface than to form micelles. Since adsorption on
the interface is associated with a decrease in the free energy

of the system, then there is a direct relationship between the
efficiency of inhibitors and the values of DGads.

3.3. Potentiodynamic polarization measurements

Polarization measurements were carried out in order to gain
knowledge concerning the kinetics of the cathodic and anodic

reactions.Fig. 4(a–e) shows the cathodic and anodic polariza-
tion curves of carbon steel immersed in deep oil wells forma-
tion water in the absence and presence of different

concentrations of the inhibitors. Electrochemical parameters
factants based on alkylene diamine and evaluation of their corrosion inhibition
i.org/10.1016/j.ejpe.2016.03.001
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Figure 5 SEM images for the carbon steel surface: (a) polished

sample, (b) after immersion in the oil wells formation water and (c)

after immersion in the oil wells formation water in the presence of

125 ppm of inhibitor (DABE100).

Table 6 Quantum chemical parameters of the investigated

inhibitor.

Inhibitor EHOMO

(eV)

ELUMO

(eV)

DE
(eV)

l
(debye)

I.E.

%

DAB �7.97 3.26 11.23 1.26 45

DABE100 �8.54 0.345 8.88 0.935 85

DAH �9.17 2.29 11.46 2.105 40

DAHE100 �8.52 1.67 10.19 0.96 82

DAO �9.66 2.31 11.97 2.104 38

DAOE100 �8.51 2.49 11.00 0.97 78

Synthesis of non-ionic surfactants and evaluation of their corrosion inhibition efficiency 7
such as corrosion potential (Ecorr), corrosion current density

(icorr), cathodic and anodic Tafel slopes (bc and ba) were cal-
culated. From the obtained polarization curves, it is clear that
the corrosion current densities (icorr) were decreased with

increasing concentration of inhibitors with respect to the blank
(inhibitor free solution). These results confirm the formation of
a good protective layer on the surface of carbon steel. The

degree of surface coverage (h) and the percentage inhibition
efficiency (g%) were calculated using the following equations
[24]:

h ¼ 1� I=Io ð6Þ

g ð%Þ ¼ ð1� I=IoÞ � 100 ð7Þ
where Io and I are the corrosion current densities in the
absence and presence of the inhibitor, respectively.

From the obtained data, it is clear that Tafel lines are
shifted to more negative and more positive potentials for the
Please cite this article in press as: A.M. Al-Sabagh et al., Synthesis of non-ionic surf
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anodic and cathodic processes, respectively relative to the
blank curve. This means that the selected compound acts as

a mixed type inhibitors, i.e., promoting retardation of both
anodic and cathodic discharge reactions. The values of catho-
dic Tafel slope (bc) and anodic Tafel slope (ba) of the inhibitors

are found to change with inhibitor concentration, indicating
that the inhibitor controlled both the reactions. In other
words, the inhibitors decrease the surface area for corrosion

without affecting the mechanism of corrosion and only cause
inactivation of a part of the surface with respect to the corro-
sive medium [25]. Complete data obtained from polarization
measurements are summarized and listed in Table 4. The

results indicate the percentage inhibition efficiency (g%) of
the inhibitor (DABE100) is greater than that of inhibitors
(DAHE100 and DAOE100), this could be due to the decrease

in length of internal alkyl chain, and also (g%) of (DAOE150)
is greater than that of (DAOE100) and (DAOE50), this could be
attributed to the increase in the number of ethylene oxide units

of inhibitor molecules, which promotes stronger adsorbed film
and hence more protective layer and higher inhibition effi-
ciency. Also, it noticed that the corrosion inhibition enhances
with increasing the inhibitor concentration. This behavior is

due to the fact that the adsorption amount and coverage of
inhibitor on carbon steel surface increases with the inhibitor
concentrations [26]. Table 5 shows the inhibition efficiency of

the starting amines, and it’s clear from this table that the 1,4
DAB exhibited higher efficiency 48.05% relative to 41.55 and
39.22% in 1,6 DAH and 1,8 DAO respectively. This behavior

is due to the difference in the number of internal alkyl chains,
but in comparison with the data in Table 4, after ethoxylation
we can find that the increases in the number of ethylene oxide

units of inhibitor molecules increase the inhibition efficiency of
inhibitors.

3.4. Scanning electron microscopy (SEM)

Fig. 5a shows an SEM image of polished carbon steel surface.
Fig. 5b shows SEM of the surface of carbon steel specimen
after immersion in formation water for 60 days in the absence

of inhibitor, while Fig. 5c shows SEM of the surface of another
carbon steel specimen after immersion in formation water for
the same time interval in the presence of 125 ppm of the inhi-

bitor DABE100. The resulting scanning electron micrographs
reveal that, the surface was strongly damaged in the absence
of the inhibitor, but in the presence of 125 ppm of the inhibitor

DABE100, there is less damage on the surface. This confirms
the observed high inhibition efficiency of the inhibitor
DABE100 at this concentration.
actants based on alkylene diamine and evaluation of their corrosion inhibition
.org/10.1016/j.ejpe.2016.03.001
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Figure 6 The frontier molecule orbital density distributions of (a) DAB (b) DAH (c) DAO.
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3.5. Quantum chemical study

The effectiveness of an inhibitor can be related to its spatial
molecular structure, as well as with their molecular electronic

structure. The quantum chemical method is introduced to
study the relationship between the organic molecular structure
and the inhibition effect (see Table 5).

Molecular Orbital Energies [(EHOMO, ELUMO,
DELUMO � HOMO), eV]: It is well known that ELUMO presented
the ability of accepting electrons and EHOMO is associated with
the electron donating ability of the molecule. Thus, the lower

ELUMO, the greater capability of accepting electrons and high
EHOMO are likely to indicate a strong tendency of the molecule
to donate electrons to appropriate acceptor molecules with low

energy, empty electron orbital such as 3d orbital of Fe atom.
In the same way low values of the energy gap (DE = ELUMO -
� EHOMO) will render good inhibition efficiencies, because the

energy needed to remove an electron from the last occupied
orbital will be low [27]. The DE of a molecule is a measure
of the hardness or softness of a molecule. Hard molecules
are characterized by larger values of DE and vice versa. How-

ever, hard molecules are less reactive than soft molecules
because the larger the gap between the last occupied orbital
and the first virtual orbital for intermolecular electron transfer,

the more it is difficult for intermolecular electron transfer to
proceed. The presented data in Table 6 show that the DE for
the non ethoxylated diamines (DAB, DAH and DAO) was

11.23, 11.46 and 11.97 eV, where the value of DE of the
ethoxylated same inhibitors was 8.88, 10.19 and 11.0 eV.
respectively. This finding means that, the ethoxylated inhibi-
Please cite this article in press as: A.M. Al-Sabagh et al., Synthesis of non-ionic sur
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tors are more soft in their adsorption behavior on the steel sur-
face. Furthermore, the electron transfer should become so easy

to make more corrosion inhibition. From Fig. 6, the HOMO
and LUMO of the studied inhibitors are almost in a plane,
implying that HOMO easily donated electrons to the unoccu-

pied 3d-orbital of Fe atoms and meanwhile LUMO also easily
accepted electrons from the occupied 4s-orbital of Fe atoms to
form binding forces between the inhibitor molecule and Fe

atoms on the metal surface. Theoretically, the Fe atom of
the carbon steel surface can interact with the inhibitor mole-
cules. The unoccupied 3d-orbit of Fe atom can accept an elec-

tron from the HOMO of the inhibitor molecule. On the other
hand, 4s-orbital of the Fe atom has the active electrons in the
outermost electron shell, which can interact with the LUMO of
the inhibitor molecule through the share of the electron cloud.

However, the interaction between 4s-orbital of Fe and the
LUMO of the inhibitor molecule is weaker than the case
between 3d-orbit of Fe atoms and the HOMO of the inhibitor

molecule [28].
The quantum chemistry calculation in this study, Table 6,

revealed that as the length increases from DAB, DAH and

DAO to the ethoxylated DABE100, DAHE100 and DAOE100,
the HOMO energy (EHOMO) level boosted slightly while the
LUMO energy (ELUMO) and the energy gap (DE) dropped

sharply. The linear correlation between the EHOMO energy
level and the corrosion inhibition efficiency of the inhibitors
proved that the higher the HOMO energy of the inhibitor (less
negative values), the greater the trend of offering electrons to

the unoccupied d orbital of the metal and the higher the corro-
sion inhibition efficiency for iron in formation water. In
factants based on alkylene diamine and evaluation of their corrosion inhibition
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Figure 7 Molecular electrostatic potential map of the of (a) DAB (b) DAH (c) DAO.
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addition, the lower the LUMO energy, the easier the accep-
tance of electrons from the metal surface. In other words,
the inhibition efficiency increases if the compound can donate
electrons from its HOMO to the LUMO of the metal, whereby

chelation on the metal surface occurs. In addition, as the
energy gap (DE) decreases, the efficiency of the inhibitors is
improved.

With respect the increase of ethylene units the inhibition
efficiency increases as shown in Table 4. The space between
the two terminal diamine decreases the corrosion inhibition.

From the calculated values of the DE, the trend for the varia-
tion of the inhibition efficiency of the studied inhibitors with
decreasing values of DE, nearly close to that the deduced from
the experimental data ‘‘electrochemical measurements”.

The inhibition efficiency is sensitive to the changes of the
EHOMO and ELUMO, which suggested that the inhibitors are
perhaps the acceptor or the donor of the electron. This means

that, there is electron transferring in the interaction between
the inhibitor molecules and both anodic and cathodic sites
on the metal surface. Providentially, the DE decreased when

the inhibition efficiency increased, which indicates that the
inhibitors are more unstable, thus there is the strong interac-
tion between the inhibitors and metal surfaces. The molecular

electrostatic potential map of the diamine before ethoxylated is
shown in Fig. 7. It is clear from the shown shapes [a, b and c]
that electrostatic potentials of 1,4 diamino butane makes a
Please cite this article in press as: A.M. Al-Sabagh et al., Synthesis of non-ionic surf
efficiency on carbon steel in formation water, Egypt. J. Petrol. (2016), http://dx.doi
cloud over the molecule to help it adsorb smoothly on the steel
surface among the others. By inspecting their inhibition effi-
ciency in Table 5, the 1,4 DAB exhibited theoretical efficiency
45% against 40 and 38% for 1,6 DAH and 1,8 DAO respec-

tively. Fig. 8 shown the HUMO and LUMO of ethoxylated
1,4 DAB, 1,6 DAH and 1,8 DAO at 100 ethylene oxide units.
The charge density of nitrogen on the three compounds differs

from one to the other, based on the internal alkyl chain length.
From these electronic data it can be calculated that the inhibi-
tion sufficiency of these inhibitors is depending on the environ-

ment of nitrogen grow in the inhibitor molecule and the steric
effect of the ethoxylation units, as the results of the 1,4
DAB-100eo exhibited the maximum corrosion inhibition among
the 1,6 DAH-100eo or 1,8 DAO-100eo.

The dipole moment (l) is another parameter of the electron
distribution in a molecule and is the measure of the polarity of
a polar covalent bond. It is related to the hydrophobic charac-

ter of the molecules [29]. Some authors stated that the inhibi-
tion efficiency increases with increasing value of the dipole
moment, which depends on the type and nature of molecules

considered. However, in most cases, no significant relationship
has been found between the dipole moment values and the
inhibition efficiency. According to some authors [29] a low

value of dipole moment favors the accumulation of inhibitor
molecules on the surface, thus increasing the inhibition effec-
tiveness, yet others proposed the opposite correlation, that
actants based on alkylene diamine and evaluation of their corrosion inhibition
.org/10.1016/j.ejpe.2016.03.001

http://dx.doi.org/10.1016/j.ejpe.2016.03.001


HOMO OMUL
a) 

b)

c) 

Figure 8 The frontier molecule orbital density distributions of (a) DABE100 (b) DAHE100 (c) DAOE100.
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is, the high dipole moment enhances the adsorption on the
metal surface, which in turn contributes to higher inhibition

effectiveness. Interestingly, in this study, there is an irregularity
appeared in the case of correlation of the dipole moment with
the inhibition efficiency. This is clear in Table 6. Since it

decreases, the inhibition efficiency increases ‘‘inverse relation”
upon increasing the monolayer adsorption owing to the size of
the molecule became smaller. This observation may be due to

the dipole moment, which describes the separation of charge
and the geometry of the molecule.

From these electronic data it concluded that the inhibition
efficiency of these inhibitors is depending on the environment

of nitrogen grown in the inhibitor molecule and the steric effect
of the ethoxylation units. As the results of the 1,4 DAB-100E.O
exhibited the maximum corrosion inhibitor among the 1,4

DAH-100E.O or 1,8 DAO-100E.O.
4. Conclusions

All the investigated non-ionic surfactants are effective inhibi-
tors for corrosion of carbon steel in oil wells formation water.
The percentage inhibition efficiency (IE%) of the surfactants

increases by increasing the degree of ethoxylation of inhibitor
molecules.

The potentiodynamic polarization curves indicated that the

inhibitor molecules inhibit both anodic metal dissolution and
cathodic oxygen reduction, so that the undertaken surfactants
classified as mixed – type inhibitors. The critical micelle con-
centration is considered a key factor in determining the effec-
Please cite this article in press as: A.M. Al-Sabagh et al., Synthesis of non-ionic sur
efficiency on carbon steel in formation water, Egypt. J. Petrol. (2016), http://dx.do
tiveness of surfactants as corrosion inhibitors due to the large
reduction of surface tension at CMC. The inhibition mecha-

nism is attributed to the strong adsorption ability of the
selected surfactants on the carbon steel surface, forming a
good protective layer, which isolates the surface from the

aggressive environment. The relationships between inhibition
efficiency of inhibitors and the EHOMO, ELUMO, the energy
gap (DE), the dipole moment, log P, and polarizability were

calculated using single point ab initio method using Austin
model 1. The inhibition efficiency, increased with the increase
in EHOMO and the surface area. The polarizability also plays a
more important role in the corrosion inhibition course.

Increasing polar leads to higher inhibition efficiency. On the
other hand, the inhibition efficiency increases with the decrease
in ELUMO.
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