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Abstract: Three different surfactants based on fatty acids (octanoic, tridecanoic
and oleic) and ethylenediamine were synthesized and their chemical structures
were confirmed by FT-IR, 'H-NMR and "> C-NMR spectroscopy. The surface-active
properties of the prepared surfactants were determined by using interfacial ten-
sion.The synthesized surfactants were evaluated as corrosion inhibitors for car-
bon steel in a solution of 0.50 M HCl at 40 "C. Potentiodynamic polarization, lin-
ear polarization resistance corrosion rate and electrochemical impedance spec-
troscopy measurements were used for this study. Experimental results showed
that, the inhibition efficiency increases with increasing the surfactant concentra-
tion, getting maximum inhibition efficiency ranged between 97.10 and 99.61%
at 400 ppm. Potentiodynamic polarization curves showed that, the three com-
pounds act as mixed type. The adsorption of investigated surfactants obeyed the
Langmuir adsorption isotherm, and the thermodynamic parameters were calcu-
lated and discussed. Obvious correlation was found between the corrosion inhi-
bition efficiency and the quantum chemical parameters. The obtained theoretical
results have been adapted with the experimental data.
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1 Introduction

Metallic corrosion causes severe losses to both economy and safety. Thence, many
research efforts have been made to prevent or decrease the corrosion of metals in
different mediums [1-5]. In several industrial processes hydrochloric acid solution
is widely used as an acid wash solution (cleaning, pickling, descaling) for remov-
ing rust and scale from mild steel surface [3]. However, when HCI is in contact
with metals, it starts to corrode the metallic surfaces. So, in spite of its benefits,
it is necessary to find a way for decreasing the corrosion rate caused by the use
of HCI. Carbon steel is used in mass amounts in marine applications, chemical
processing, petroleum production and refining, construction and metal process-
ing equipment, despite its relatively high cost [4, 5]. Most of these applications
have been subjected to acid corrosion in different situations. Therefore, the study
of corrosion inhibition of carbon steel in HCI solution is of great importance.

Using of inhibitors is considered as one of the most practical approaches for
protecting metals against corrosion, especially in acidic media [6]. Such com-
pounds decrease the corrosion rate by adsorbing into the metal surfaces and
blocking their active sites. The adsorption process of surfactants on the electrode
surface is influenced by the nature and the surface charge of the metal, the chem-
ical structure of the surfactant, and the nature of the aggressive electrolyte. Or-
ganic compounds containing functional electronegative groups such as nitrogen
and oxygen are usually good inhibitors since these compounds are easily ad-
sorbed on metal surfaces [6-8].

An important corrosion inhibition tool is the use of surfactant inhibitors. Sur-
factant inhibitors have many advantages such as low price, easy production, low
toxicity and high inhibition efficiency [9-11]. It was reported that the inhibition
process by surfactants was attributed primarily to the adsorption of the surfac-
tant molecules, via their functional group, onto the metal surface [12], and so the
study the relationship between the adsorption and corrosion inhibition is of great
importance. Surfactants have been used for the corrosion inhibition of steel in
acidic media [13-15], in chloride saturated solutions [16—19]. It was found that,
the adsorption of these surfactants leads to the formation of a single- layer on the
surface.

Quantum chemical calculations have been widely used to study reaction
mechanisms [20, 21]. They have also been proved to be a very powerful tool for
studying inhibition of the corrosion of metals [22, 23]. Recently, the effectiveness
of an inhibitor molecule has been related to its spatial as well as electronic struc-
ture [24].
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The main purpose of this paper is to evaluate the protective ability of oleic
acid-ethylenediamine (OEC-I), tridecanoic acid-ethylenediamine (TEC-II) and
Caprylic acid-ethylenediamine (CEC-III) surfactants as corrosion inhibitors for
carbon steel C1018 in 0.50 M HCl at 40 °C. The acid corrosion-inhibition has been
studied using potentiodynamic polarization, electrochemical impedance spec-
troscopy and linear polarization resistance (LPR) corrosion rate techniques. The
surface activity and thermodynamic parameters of micellization and adsorption
were studied. The relation between the inhibition efficiency of the investigated
compounds and some quantum chemical parameters such as the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
energies, electrophilicity (w), chemical hardness (1) and dipole moment have
been also investigated.

2 Experimental work

2.1 Materials

Fatty acids (Oleic, Tridecanoic and Octanoic (Caprylic)) and ethylenediamine (As-
say > 99%) were obtained from SIGMA-ALDRICH Company and were used without
further purification.

2.2 Chemical composition of carbon steel alloy C1018

Carbon steel C1018 used for this study has the following composition: C 0.18%,
S$i 0.24%, Mn 0.50%, P 0.05%, S 0.05%, Ni 0.01%, Cr 0.10% and Fe balance. The
mechanical properties of the carbon steel used in this study were given in Abd
El-Lateef et al. [18]. The data have been provided by European Corrosion Supplies
Ltd.

2.3 Preparation of fatty acid surfactants

Fatty acids (Oleic, Tridecanoic and Octanoic) (0.01 mol) were taken at equimolar
ratio with ethylenediamine. The components of reactions were mixed, closed well
and placed in a thermostat at temperature ranging between 50-55 °C for a period
between 15 and 20 h. Figure 1 shows the chemical name and abbreviation of the
used surfactants under study.
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R-COOH + NH,CH,CH,NH, ———>  R-COOH--NH,CH,CH,NH,

Fatty acid ethylenediamine Fatty acid and ethylenediamine complex

where R=C;H3;3-, C|,Hys-, C;Hs-

For example:

+ NH,CH,CH,NH,
oleic acid OH ethylenediamine

l 52°C

CH;, O

OH...NH,CH,CH,NH,
Oleic acid-ethylenediamine complex

R Name Compound and code
Ci7H3;- Oleic acid-ethylenediamine surfactant OEC-1
CoHos- Tridecanoic acid-ethylenediamine surfactant TEC-II
C7H;5- Octanoic acid-ethylenediamine surfactant CEC-HI

Figure 1: Scheme of the synthesis of fatty acids surfactants tested as corrosion inhibitors for
carbon steel in 0.5 M HCI.

The chemical structure of the prepared surfactants was identified by physico-
chemical (Table 1) and spectroscopic methods. The acid and amine numbers were
determined according to procedures as given in Asadov et al. [25]. The electri-
cal conductivity of the prepared surfactants was measured using a conductivity
meter, type OK —102/1, made in Hungary. '"H NMR and “*C-NMR spectra were
recorded on a Bruker-TOP SPIN 300.13 MHz and 75.46 MHz spectrometer with
chemical shift values (d) in ppm downfield from TMS using CDCL,, acetone-d®
and CCl, as solvents. IR spectra were recorded on a model FT-IR, Spectrum BX
spectrometer using KBr disks.

2.4 Test solution

The aggressive solutions were made of Analar grade (BDH) HCI. Appropriate con-
centration (0.50 M) of the acid was prepared using deionized water. The surfac-
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Table 1: Some physico-chemical characteristics of the fatty acid surfactants.

Inhibitors  External view of Amine number  Solubility of the Specific electrical
code the surfactant (mgHCl/g) surfactants conductivity of
0.5wt % aqueous

solution

(ohm™ m™)

OEC-1 Muddy-brown 5.10 Readily soluble in water, 0.001870
viscous liquid ethyl alcohol, toluene,
CCl, and kerosene.

TEC-1I Viscous liquid 3.21 Readily soluble in water, 0.002050
of yellow color ethyl alcohol, toluene,
CCl, and kerosene.

CEC-lll Very viscous of 2.55 Readily soluble in water, 0.000124
yellow color ethyl alcohol, toluene,
CCl, and kerosene.

tant inhibitors were added to the acid aqueous solution in ppm (in terms of w/v)
concentration to test the inhibition effect of these compounds on carbon steel.

2.5 Corrosion measurements

The measurements were performed in a one liter glass cell. It consists of typi-
cal three electrodes configuration, where the rotating disk carbon steel was used
as a working electrode (A = 4.55 cmz). This electrode was used once. Saturated
calomel electrode (SCE) was used as a reference and platinum plate as a counter
electrode. The cell was filled with the prepared 0.50 M HCI solution. Then this
cell was thermostated at 40 °C for 1 h before beginning the experiment. To get rid
of any oxide film on the surface, the working electrode was held at —1500 mV for
10 min before measurement. VersaSTAT4 potentiostat/galvanostat and ACM Gill
AC instruments connected with laptop were used for the measurements.

2.5.1 Polarization measurements

The working electrode was immersed in the HCI solution for 30 minute until the
open circuit potential (E, . ;) reached. After that, the steel electrode was polarized
in both cathodic and anodic directions. The potential increased with a scan rate
of 1 mV s™' started from —250 to +250 mV with respect to E;cp
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2.5.2 Linear polarization resistance (LPR) corrosion rate

LPR corrosion rate bubble-test is involved to assess the corrosion of carbon steel in
0.50 M hydrochloric acid solution at 40 °C. The LPR corrosion rate measurements
were carried out using a laboratory potentiostat (ACM, ACM Instruments, UK). In
this method, the working electrode was immersed in the test solution for 1 h until
the potential becomes stable. After that, the corrosion rate was measured vs. time
for a period 20 h. Data were collected and analyzed using Core Running software
(Version 5.1.3.), developed by corrosion monitoring instrumentation [19].

2.5.3 Electrochemical impedance spectroscopy (EIS)

EIS measurements were performed with a phase-sensitive detector (amplifier)
(Model 5208) driven by using VersaSTAT4 potentiostat/galvanostat with a fre-
quency response analyzer (FRA) contained in a single unit and connected with
laptop. EIS measurements were performed in 0.5 M HCI at 40 °C and in the fre-
quency range from 100 kHz to 0.5 Hz. The amplitude of the voltage perturbation
was 10 mV RMS. All experiments were performed at open circuit potential (E, . ,).

2.6 Surface activity measurements

Measurements of the interfacial tension were carried out using freshly aqueous
solutions of the prepared surfactants. The interfacial tension as a function of
surfactant concentrations was measured using a drop volume stalagmometer at
20 °C. Interfacial tension values of the three measurements averaged and reported
within an accuracy of 0.3 mN/m.

2.7 Computational methods

Geometry optimizations of surfactants were performed using density functional
theory (DFT) calculations. All calculations were performed using B3LYP func-
tional and employing 6-311G (d, p) basis set [26]. Gaussian 03 program package
was used for all calculations [27]. The quantum chemical indices such as; energy
of the highest occupied molecular orbital (Eygyq), energy of the lowest unoccu-
pied molecular orbital (E; ), energy band gap AE = Eyoyo — E;ymo» the dipole
moment (D. M.), electrophilicity (w) and chemical hardness (#) were considered.
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3 Results and discussion

3.1 Chemical composition of the synthesized fatty acid
surfactants

3.1.1 Spectroscopic methods — FTIR, >C and "HNMR data

The chemical structure of oleic acid- ethylenediamine surfactant was identified
by FT-IR spectroscopy. IR spectra shows an absorption band at the 1574 cm™
characteristic for § COO™ stretches, in addition to 2847 cm™ for aliphatic C-H,
3103.89 cm™" for NH (amine groups). The FT-IR spectrum showed that, the broad
—OH band of the fatty acid was disappeared, confirming that, the proton of acid
was transferred to nitrogen atom of amine and formed —*NH, group. This proves
the formation of the target compound.

The results of 'H-NMR and **C-NMR for oleic acid- ethylenediamine surfac-
tant were found as follow;

"H-NMR (300.13 MHz, CDCL,), é (ppm): 1.0 (t, 3H, CH,-CH,), 1.4-1.5
(m, 26H, CH, chain), 1.51 (t, 2H, CH,COO), 5.4-5.6 (m, 2H,CH=CH), 2.5-2.7
(m, 4H, CH,CH,NH), 3.53 (s, 1H, H.. .NH,), 5.31 (s, 2H, (CH,),NH, .. .H), 2.34
(t, 1H, CH,NH,) (Figure Sla in the supplementary file).

C-NMR (75.46 MHz, CDCL;) 8 (ppm): 14.1 (CH,~CH,), 20-34 (saturated
alkyl chain 14 CH,), 180 (COO), 38 (NH,CH,CH,NH,), 130-132 (CH=CH)
(Figure S1b in the supplementary file).

3.1.2 Physico-chemical methods

The physico-chemical properties such as electro-conductivity, amine numbers
and solubility in different solvents (water, ethyl alcohol, carbon tetrachloride,
toluene and kerosene) of the prepared surfactants were studied. From Table 1,
it is noticed that the obtained fatty acid surfactants are generally viscous fluids
and their colors vary from light-yellow to yellowish-brown. Measurements of the
electrical conductivity of the studied surfactants in aqueous solutions (0.5%) indi-
cated their polarity. Measurements of the amine numbers for all surfactants were
done. The data showed that, the amine number increases in the following order:

OEC-I > TEC-II > CEC-III
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Figure 2: Polarization curves (E-In I relationship) of carbon steel in 0.50 M HCl containing
different concentrations of the OEC-1 inhibitor at 40 °C.

3.2 Potentiodynamic polarization measurements

Figure 2 shows the cathodic and anodic polarization curves of carbon steel in
0.50 M HCI solution in the absence and presence of different concentrations of
the oleic acid-ethylenediamine surfactant (OEC-I; as example) at 40 °C. Similar
curves were obtained for the other surfactant inhibitors TEC-II and CEC-III (not
shown). The dependence of the degree of surface coverage (0) and the inhibition
efficiency (1 %) on the concentration of the inhibitor were calculated using the

following equation [28]:

where I,

nin

I
n% =1- —2-_ %100 )
uninh.
0 = Iuninh. B Iinh. (2)
Iuninh.

n. and I, are the uninhibited and inhibited corrosion current density,

respectively. Corrosion rates (CR) was calculated from the polarization measure-
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ments using the following equation [29]:

Iow Xt xM
CR = FxSxd x 10 3
where t, M, F, S and d are time (s), the equivalent molar weight of iron (g mol™),
Faraday constant (96 500 C mol ™), the surface area of electrode and density of
iron, respectively. The constant 10 is used to convert the unit cm to mm.

It can be clearly seen from Figure 2 that, the addition of OEC-I surfactant to
the corrosive solution both reduces the anodic dissolution of carbon steel and also
retarded the cathodic hydrogen evolution reaction. The corrosion current density
as well as corrosion rate of steel considerably reduced in the presence of the in-
vestigated inhibitors. These results are indicative for the adsorption of inhibitor
molecules on the carbon steel surface [30]. The inhibition of both anodic and ca-
thodic reactions was more and more pronounced with increasing of the inhibitor
concentration.

The following electrochemical parameters; cathodic (f.) and anodic (f3,)
Tafel slopes (calculated by using CoreRunning program), corrosion potential
(Ecop)s corrosion current density (I, ), corrosion rates (CR), degree of surface
coverage (6) and the percentage inhibition efficiency (%) were calculated and
listed in Table 2. It is clearly observed that, the corrosion rates (CR) and the corro-
sion current density (I_,,,) decreases by increasing the inhibitor doses. This can
be attributed to the continuous accumulation of surfactant molecules on the car-
bon steel surface, which leads to the increase of protective layer thickness and
consequently the protection efficiency. While the inhibition efficiency values in-
crease with the increasing of the inhibitor concentration, and the maximum is up
t0 97.84% at 400 ppm of OEC-I. The change in E, values was observed with the
addition of the surfactants. According to Riggs [31], if the displacement in E
is >85 mV with respect to E,,, the inhibitor can be classified as it is a cathodic
or anodic type. In this investigation, the E_,,, values of all prepared surfactants
were shifted slightly toward both anodic and cathodic directions and did not show
any definite trend in HCl solutions and the maximum displacement was =6 mV,
which indicated that the surfactants acts as a mixed type inhibitors.

The f. and f3, values are approximately constant and independent on the
inhibitor concentration. Consequently, the adsorbed inhibitor can be acted by
simple blocking the active sites for both anodic and cathodic processes. In other
words, the inhibitor decreases the surface area for corrosion without affecting the
corrosion mechanism of carbon steel in HCI solution, and only caused inactiva-
tion of a part of the surface with respect to the corrosive medium [32].

The decrease in corrosion current densities (I,,,), increased in the inhibition
efficiency (%) and the increase in the degree of surface coverage (6) with increas-
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Table 2: Electrochemical parameters and inhibition efficiencies derived from the polarization
curves for carbon steel in 0.50 M HCl as function of inhibitor concentration at 40 °C.

Inhibitors Conc. of Ion —Econr Ba B CR 0 n%
code inhibitor (LA (mV (mV (mV (mm/
(ppm) cm™?) (SCED)  dec™ dec™) year)

Blank 0.0 368 577 52 112 5.45 - -

OEC-I 50 63.55 578 51 110 0.94 0.827 82.73

75 51.44 579 49 111 0.76 0.860 86.02

100 28.26 579 47 113 0.41 0.923 92.32

150 18.25 570 46 109 0.27 0.950 95.04

200 10.70 579 48 107 0.15 0.970 97.09

300 9.08 575 45 108 0.13 0.975 97.53

400 7.94 573 48 106 0.11 0.978 97.84

TEC-Il 50 70.95 576 48 109 1.05 0.807 80.72

75 61.45 580 50 110 0.90 0.833 83.30

100 54.09 578 51 107 0.80 0.853 85.30

150 35.99 573 46 105 0.53 0.902 90.22

200 26.75 575 47 107 0.39 0.927 92.73

300 14.31 576 49 108 0.21 0.961 96.11

400 12.29 571 46 109 0.18 0.966 96.66

CEC-IN 50 86.40 575 45 106 1.27 0.765 76.52

75 72.60 581 46 107 1.07 0.802 80.27

100 59.94 579 50 111 0.88 0.837 83.71

150 43.53 572 48 110 0.64 0.881 88.17

200 29.18 578 49 108 0.43 0.920 92.07

300 17.88 572 45 109 0.26 0.951 95.14

400 16.26 574 49 113 0.24 0.955 95.58

ing the inhibitor concentrations showed that, the selected fatty acid surfactants
are efficient corrosion inhibitors for carbon steel dissolution in 0.50 M HCI solu-
tion. The results also indicate for all inhibitor concentrations, the degree of sur-
face coverage (0) is near the unity. This suggested that, the inhibition is due to
the adsorption of inhibitor molecules on the metal surface and blocking the ac-
tive sites. In addition, the corrosion inhibition ability of the studied compounds
at 400 ppm follows the sequence:

OEC-1(97.84 %) > TEC-II (96.66 %) > CEC-III (95.58 %)

The alkyl chain length and the structure of inhibitor play an important role
in the inhibition efficiency of the investigated fatty acid surfactants. The geo-
metric length of the hydrophobic chains can be arranged as the follow; (C,)
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Octanoic acid-ethylenediamine surfactant (CEC-III) < (C,,) Tridecanoic acid-
ethylenediamine surfactant (TEC-II) < (C,,) Oleic acid-ethylenediamine surfac-
tant (OEC-I). By increasing the geometric length, the isolation between metal-
medium interaction increased and hence the efficiency of the corrosion inhibitor
increased.

3.3 Linear polarization resistance (LPR) corrosion rate

Figure 3a—c shows the change in corrosion rate (CR) with time for carbon steel in
0.50 M HCl solution containing various concentrations of inhibitors OEC-I, TEC-
II and CEC-III at 40 °C. After one hour of exposure the inhibitor was added be-
cause at this time the corrosion potential got stable, allowing the measurement
of the CR before inhibitor injection. The highest corrosion rates in the blank so-
lution were measured to be between 4.01 and 5.58 mm year . From Figure 3 it
can be observed that, the corrosion rate in the absence of inhibitor tended to in-
crease with time. Increasing of CR in chloride media had been attributed to the
galvanic effect between the cementite (Fe;C) and ferrite phase [33]. Fe,C is part
of the original steel in the non-oxidized state and accumulates on the surface af-
ter the preferential dissolution of ferrite («-Fe) into Fe**. This in turn leads to an
increasing of the corrosion rate over time of exposure [34, 35].

The surface coverage (0) and the inhibition efficiency (%) values were deter-
mined by using the following equations [19]:

= M x 100 (4)
CR,

CR

Surface coverage =0 =1- — (5)
CRy

where CR, and CR; are the corrosion rate in the absence and presence of inhibitors,
respectively. The obtained results of these series of experiments show that, the ad-
dition of the surfactants under testing greatly decrease the corrosion rate of car-
bon steel as the inhibitor dose increases in the given acidic media, giving high
levels of 7% ranged between 97.10 and 99.61% in the presence of 400 ppm of in-
hibitors after 20 h of immersion. This means that, these surfactants have a good
ability to form protective layers on the metal surface, even in the presence of small
concentrations of surfactants. This ability of formation of protective surface lay-
ers increased with the increase of surfactant concentration. This ability may be at-
tributed to hydrocarbon chain length in surfactant molecule means a more bulk
molecule, which screen the surface from attack and also to the presence of Cl~
ions in the acidic solutions. The adsorption process is facilitated in the presence

n%
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Figure 3: Variation of the Corrosion rate with time for carbon steel in 0.50 M solution of HCI
containing different concentrations of inhibitors (a) OEC-1, (b) TEC-1l and (c) CEC-Ill at 40 °C.



DE GRUYTER Empirical and Theoretical Calculations for Corrosion Inhibition = 13

1471111
e ———o———eokci [0
1.2 4 = / e— o TEC-I || ogs
' e—————eCECN | |
- / / - 9%
1.0 1 a [
= . / Fo4 2
5 \ [ 7
3 0 92 E
£ 084 : / -,
I Lo0 S
£ —0O— Corrosion rate (mm/year) 5
: g —0— The inhibition efficiency, &% I e
= 0.6 o L gg =
o L g
g L 86 =
- [} L F‘D'
2 04 9 \ o4
35 O L <
021 0— OCECN § [ S
) - 80
\ O————OTEC | |
0.0 4 ° T—————o0—— nokci -78
- 11 1—1—+—1+ 76

0 50 100 150 200 250 300 350 400 450

Concentration, ppm

Figure 4: Corrosion rate and Inhibition efficiency of carbon steel immersed in 0.5 M HCl solution
with and without different inhibitors at 40 °C. (-O-) Corrosion rate, (-®-) inhibition efficiency.

of ClI” ions which form intermediate bridges, the negative ends of the halogen
dipoles being oriented towards the solution.

Figure 4 shows the calculated values of corrosion rates (CR) and the inhibition
efficiencies (%) in the blank solution (inhibitor free) and those containing var-
ious concentrations of the investigated surfactants at 40 °C. The data explained
that, the CR and the #% are affected by the inhibitor dose and chemical structure
of the inhibitors. The fact that, inhibition efficiencies increase and the corrosion
rate (CR) decrease with increasing the inhibitor concentration suggest that the
retardant action of the prepared surfactants against metal corrosion, can be inter-
preted to the adsorption of these inhibitors on the steel surface, retards the disso-
lution of carbon steel, and the adsorption quantities of surfactants on the investi-
gated substrate increase with concentrations in the aggressive environments [36].
The results also indicated that, the #% values of the compound (OEC-I) is greater
than that of the other surfactants. The inhibition efficiency of the surfactants de-
crease in the following order: OEC-I > TEC-II > CEC-III. The highest inhibition
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efficiency of inhibitor OEC-I may be attributed to the increasing of the length of
fatty acid chain R from C,H, ;- to C;H;;-.

3.4 Electrochemical impedance spectroscopy (EIS)

EIS measurements of the carbon steel electrode in 0.5 M HCl solution containing
different concentrations of inhibitors were performed at 40 °C. Nyquist plots for
carbon steel in the investigated acid solution (Figure 5a) showed one depressed
capacitive loop. The same trend (one capacitive loop) was also noticed for car-
bon steel immersed in 0.5 M HCl containing OEC-I (50—-400 ppm). Similar curves
were obtained for the other surfactants. The impedance spectra mainly displayed
similar semicircles and the diameter of the semicircles increased with increas-
ing inhibitor concentrations, indicating that, there is no change in the corrosion
mechanism [37]. Also, the Bode plots (Figure 5b) refer to the existence of an equiv-
alent circuit that contains a single constant phase element in the steel/acid inter-
face. In the case of EIS measurements, the inhibition efficiency (%) and double
layer capacitance (Cg4;) can be calculated by the following equations [38, 39]:
0

R, —R
Rct
1
gl Yo - 7
f( max) ZﬂCleCt ( )

where R, and RY, are the charge transfer resistance values with and with-
out inhibitor, respectively. —Z(I{ax is the maximum imaginary component of the
impedance. The semicircular appearance of Nyquist plot shows that, the charge-
transfer process takes place during the dissolution of metal [40]. The simplest fit-
ting is represented by Rundles equivalent circuit (inset top Figure 5). In this cir-
cuit, R, is the solution resistance, R, is the charge transfer resistance, and Cy
is the double-layer capacitance. This figure reveals a single charge transfer reac-
tion. The impedance diagrams have an approximately semicircular appearance.
This indicates that, the corrosion of carbon steel in the HCI solution is controlled
by a charge-transfer process.

The main parameters deduced from the analysis of Nyquist and Bode dia-
grams are given in Table 3. The data show that, by increasing the surfactant con-
centration, the charge transfer resistance (R.) increases and the double layer ca-
pacitance Cy; decreases, indicating that increasing inhibitor concentration de-
creases the corrosion rate. The decrease in capacitance is caused by reduction in
local dielectric constant and/or by increase in the thickness of the electrical dou-
ble layer. This fact suggests that, the inhibitor molecules can be acted by the ad-
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Figure 5: EIS plots for carbon steel in 0.50 M HCl in the absence and presence of different
concentration of OEC-1 exemplified as: (a) Nyquist and (b) Bode modulus plots. Inset (top) is the
equivalent circuit.
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Table 3: Impedance electrochemical parameters derived from the Nyquist and Bode plots for
carbon steel in 0.50 M HCl solution in the absence and presence of the investigated surfactant
inhibitors at 40 °C.

Inhibitors ~ Conc. of inhibitor R, Ry Cgx10"® Theinhibition
code (ppm) (@cm?)  (Qcm?) (F/cm?) Efficiency
(%)

Absence 0.0 2.06 34 46.8 -
OEC-I 50 2.19 137 11.6 75.18
75 2.29 211 7.5 83.88

100 2.30 303 5.2 88.77

150 2.16 456 3.5 92.54

200 1.59 594 2.6 94.27

300 1.83 652 2.4 94.78

400 1.93 688 2.3 95.06

TEC-Il 50 2.14 132 12.0 74.34
75 2.24 191 8.3 82.25

100 2.25 255 6.2 86.70

150 2.11 344 4.6 90.12

200 1.55 476 3.3 92.87

300 1.79 497 3.2 93.16

400 1.89 532 2.9 93.62

CEC-HI 50 2.08 127 12.5 73.29
75 2.17 180 8.8 81.20

100 2.18 237 6.7 85.65

150 2.05 311 5.1 89.07

200 1.51 415 3.8 91.82

300 1.74 431 3.6 92.11

400 1.83 457 34 92.57

sorption at the metal/solution interface [41]. The diameter of the capacitive loop
obtained in HCI solution was increased in the presence of the prepared surfac-
tants indicating an inhibition of the corrosion process.

By comparison between inhibition efficiency values (#%) which are calcu-
lated from the three different techniques (potentiodynamic polarization, LPR cor-
rosion rate and EIS), we found that, all have the same trend. In other words, the #%
values increase with increasing the inhibitor dose and the maximum #% values
are obtained at 400 ppm (95.06, 93.62 and 92.57% for OEC-I, TEC-II and CEC-III,
respectively). At the same inhibitor concentrations, the order of increasing #% of
the investigated inhibitors is: OEC-I > TEC-II > CEC-III. Because of the following
reasons:
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e The values of base number for the inhibitors OEC-I, TEC-II and CEC-III were
found to be 5.10, 3.21 and 2.55 (tabrefl), respectively. From these values, it
is clear that the basicity increases in the order: OEC-I1 > TEC-II > CEC-III and
the inhibition efficiency of these surfactants increases in the same order. The
increase of base number of surfactants led to increase the proton convergence
and charge. Thus by taking suitable substitutions in the inhibitor molecule an
improvement in the degree of inhibition of corrosion has been achieved.

e In the literature [19, 36], the inhibition efficiencies values (#%) depend on
the molecular size of inhibitors. The #% values of inhibitor OEC-I (95.06%)
are higher than those of inhibitors TEC-II (93.62%) and CEC-III (92.57%), due
to the larger molecular size of the OEC-I compared with those of TEC-II and
CEC-IIIL The molecular size of the surfactant has a direct effect on its #% val-
ues. The increase of hydrocarbon chain of the inhibitor leads to increase of
molecular size. The increase of #% is due to the inductive effect of the methyl
groups.

3.5 Surface activity measurements

The interfacial tension values for the different surfactant concentrations were de-
termined at 20 °C. The values of interfacial tension were plotted versus the con-
centrations of surfactant, In C (Figure 6). The surface tension-concentration curve
of the prepared surfactant solutions showed two characteristic regions (Figure 6).
The first is at low concentrations and characterized by continuous decrease of the
surface tension values due to the adsorption of the hydrocarbon chains of surfac-
tant molecules at the interface. In the second region, the surface tension varia-
tion is almost stable by increasing the concentration. That indicates no further
adsorption of surfactant molecules is occurred at the interface [42, 43]. The inter-
cept of the two straight lines designates the critical micelle concentration (CMC).
The surface active properties of the prepared surfactants; maximum surface ex-

cess (I7,,4), minimum area per molecule (A ;) and effectiveness (7.,.) were cal-
culated using the following equations [44-46):
-1 dy
[ = — ( ) 8
T yRT \dInC /7 N
1 016
Amin =——XN A ©)
Fmax
Ieme = Yo = Yeme (10)

where 0y/0 In C is the maximum slope (the slope of a plot interfacial tension ver-
sus In C curves below CMC), y, is the surface tension of pure watet, ., is the sur-
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Figure 6: Interfacial tensions versus concentration of fatty acid surfactants in aqueous solution
at 20°C.

face tension at CMC, R is the molar gas constant, N, is the Avogadro’s number, T'is
the absolute temperature and » is the number of ions that originate in solution by
dissociation of the surfactant and whose concentration vary at the surface when
changing the bulk solution concentration (assumed as 2 in our calculations). The
standard free energy of micellization and adsorption are given by [42]:

AG’. = RTInCMC (11)

mic
AGy = AGY. . — 0.60237 ¢y A (12)

min
The interfacial activity (I,.;) is expressed by physico-chemical parameter
AG?,./ A in- The data obtained from surface tension measurements are summa-
rized in Table 4. The effectiveness (I1-y) values increased by increasing the hy-
drophobic chainlength from C,H, ;- to C,,H;;-. From these results it is noted that
OEC-I compound is the most effective ones.

The data in Table 4 show that, I' ., shifts to lower values by increasing of hy-
drophobic surfactant length. The reducing of the maximum surface excess values
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Table 4: Surface active properties of the synthesized fatty acid surfactants.

Inhibitors CMCx10™*  peuc  Tleme Tmax X100 A AGh.  AGY  AGoge/Amin
code (moll™) (mN/m) (mN/m) (molecm™) (nm?) (kJ/mol) (kJ/mol) (kJ/molnm?)
OEC-I 1.1 2.39 44.11 0.78 2.20 -109 -69.34 -31.52
TEC-II 7.3 2.48 44.02 1.60 1.04 -6.2 -33.77 —-32.47
CEC-H 24.5 4.22 42.28 5.40 0.30 -1.3 -8.94 -29.80

indicates a decrease in the molecules adsorbed at the interface, and as a result the
area available for each molecule will increase [25].

By inspection of the obtained data (Table 4), it is found that A, increases
by increasing the hydrophobic length in the surfactant molecules. This behav-
ior may be attributed to that the increase of hydrophobic length of investigated
surfactants leads to increasing the molecular weight and the availability of the
surfactant to be adsorbed on the interface per molecule will decrease. In other
words, the larger the molecule occupied larger area per molecule. Thus, there will
be a need for a small number of surfactants for the occupation to provide the best
active characteristics [25].

From Table 4, it can be seen that, the free energy changes of micellization
and adsorption (Angs and AG?niC) show negative sign, showing the spontaneity
of the two processes at the investigated temperature. Moreover, AngS increase in
negativity than AG... , indicating the tendency of the molecules to be adsorbed at
the interface [47]. Also, it shows that AG,y;. decreases gradually by increasing the
alkyl (hydrophobic) chain length.

The data also showed that, the CMC values decrease with increasing in the
length of the hydrocarbon chain of the investigated surfactants. It has to be noted
that for a surfactant to be an excellent corrosion inhibitor it should exhibit a low
CMC value, because the inhibition effectiveness decreases as the CMC value in-
creases. Based on this view, the surfactant OEC-I show the lowest CMC value
(Table 4) and hence it considered the most effective corrosion inhibitor for car-
bon steel in HCl solution. This, in fact, agrees with the electrochemical measure-
ments. Surfactant OEC-I appears to create a good hydrophobic physical barrier to
the aggressive ions and this account for its high inhibition efficiency.

3.6 Adsorption isotherm and thermodynamic calculations

Adsorption isotherms are very important to determine the mechanism of organo-
electrochemical reactions [32]. The corrosion process is inhibited by the adsorp-
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tion of studied surfactants on the metal surface. In order to obtain the type of
adsorption isotherm, the experimental data were applied to different adsorp-
tion isotherm equations such as the Langmuir, Frumkin, Temkin, Freundlich and
Flory-Huggins. By far the best fit was obtained with the Langmuir isotherm. Lang-
muir adsorption isotherm is described by the following equation [48-51]:

C 1
g‘h = Cyp + — (13)

Kads
where C,;, is the inhibitor concentration, K4, is the adsorption equilibrium con-
stant and 0 is the surface coverage. Figure 7 shows, a plots of C,;;, /0 vs. C;,;, at
313 K gives a straight line with excellent correlation coefficients (R > 0.999; Fig-
ure 7) and slope near to unity (1.03, 1.08 and 1.03 for OEC-I, TEC-II and CEC-III,
respectively), confirming the validity of this assumption.

The slope of the straight line (K, 4;) had been found to be 9.90x 10°, 9.80x 10’
and 9.65 x 10> M! for OEC-I, TEC-II and CEC-III, respectively, suggesting that the
adsorbed inhibitor molecules formed monolayer on the carbon steel surface and
there is no interaction among the adsorbed inhibitor molecules [52]. On the other
hand, the high values of the adsorption equilibrium constant for the investigated
surfactants indicated powerful adsorption on the carbon steel surface in the ag-
gressive media under study. The large values of K, 4, mean efficient adsorption
and thus the efficiency of inhibition is improved [53]. The high values of the ob-
tained K4 for the investigated inhibitors are consistent with the high #%.

The standard free energy of adsorption (AngS) can be given as the following
equation [50]:

1 AG?
Kads = ﬁ eXp (——R’;ds ) (14)

where 55.5 is the concentration of water in the solution in mol1™, R and T are
the universal gas constant and the thermodynamic temperature, respectively [54].
Generally, the values of AGoy, up to —20 k] mol ™ are consistent with the electro-
static interaction between the charged molecules and the charged metal (physi-
cal adsorption). While those around —40 kJ mol ™" or higher are associated with
chemisorption as a result of the sharing or transfer of electrons from organic
molecules to the metal surface to form a coordinate bond (chemisorption) [55, 56].
In the present study, the values of AGy,, were found to be —36.04, —36.01 to
—35.97 kJ mol " for OEC-I, TEC-II and CEC-III, respectively (slightly negative than
—20kJ mol™!); which suggests that the adsorption of surfactant molecules on
the electrode surface in 0.5 M of hydrochloric acid solution is not merely ph-
ysisorption or chemisorption but obeying comprehensive adsorption (Physical

and chemical adsorption) [57].
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Figure 7: Curve fitting of the corrosion data obtained from potentiodynamic polarization
measurements for carbon steel in 0.5 M HCI solution containing various concentrations of
inhibitors according to Langmuir adsorption isotherm model at 40 °C.
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3.7 Theoretical study

Quantum chemical methods have already proven to be very useful in determin-
ing the molecular structure as well as elucidating the electronic structure and re-
activity [58]. Quantum chemical calculations were carried out to investigate the
relationship between the molecular structures of the surfactants and their inhi-
bition effect. The optimized minimum energy geometrical configurations and the
frontier molecule orbital density distributions of the molecules are shown in Fig-
ure 8. Geometric structures and electronic properties of studied inhibitors were
calculated by Gaussian 03 package with 6-311G (d,p) basis set.

Table 5 shows the values of some quantum chemical parameters, namely
the energy of HOMO (Eyopo), energy of LUMO (E; o), the energy gap (AE =
E; ymo—Eromo)> chemical hardness (#), electronic chemical potential (¢) and elec-
trophilicity (w) for the surfactants models. From this table, one can order the ac-
tivity as OEC-I > TEC-II > CEC-IIIL. This order was based on the obtained chemical
hardness # and electronic chemical potential ¢. However the insignificant differ-
ence between # and p values makes it not conclusive and reflects the similarities
on their reactivity.

Figure 8 shows the optimized structures of the investigated surfactants, where
it can be observed that the amino group of ethylenediamine was oriented towards
the carboxylic group of the fatty acid. The chemical behavior of the models might
be investigated from their electronic configurations, specifically from the HOMO
and LUMO [59]. High value of Ey;qyq for the investigated models is likely to a ten-
dency of the molecule to donate electrons to appropriate acceptor molecule of low
empty molecular orbital energy and indicates also the better inhibition efficiency.
On the other hand, the lower E;;,o, are more probable to accept electrons.

It has been reported in the literature that, the higher the Eyq)q energy of the
inhibitor, the greater trend of offering electrons to unoccupied d orbital of the in-
vestigated metal, and hence the higher the corrosion inhibition efficiency. In addi-
tion, the lower values of E| ;o are stronger the electron accepting abilities of the
molecules, as the LUMO-HOMO energy gap decreases, the efficiency of inhibitor
increases [60]. In this work, the calculations showed that the calculated HOMO en-
ergies for OEC-I, TEC-II and CEC-III are —6.49, —6.51 and —6.52 €V, respectively;
(Figure 8). It is clear that the lower HOMO corresponds to CEC-III (—6.52 €V) which
exhibited the lower inhibition efficiency and the highest value is obtained by OEC-
I (—-6.49 V) which is the best one. The calculated E; ;o values are 0.55, 56 and
0.57 €V for OEC-I, TEC-II and CEC-III, respectively (Figure 8). This can explain that
the highest inhibition efficiency of OEC-I surfactant is due to the increasing its
HOMO and decreasing its LUMO energies.
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Figure 8: Optimized structures and frontier molecular orbitals of a) Oleic acid-ethylenediamine
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acid-ethylenediamine (CEC-III) surfactants.
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Table 5: Quantum chemical parameters of the surfactants models.

Models D.M.  Eyomo  Ewmo AE n u ) n%
(Debye) (eV) (eV) (eV) (eV) (eV) (eV)

OEC-I 1.68 —6.49 0.55 7.04 3.54 -2.99 1.25 99.61

TEC-I 1.62 —6.51 0.56 7.07 3.53 -2.98 1.26 98.10

CEC-IN 1.61 —6.52 0.57 7.09 3.52 -2.97 1.27  97.10

Eyomo: Energy of the highest occupied molecular orbital.

E\ymo: Energy of the lowest unoccupied molecular orbital.

AE: Energy gap between LUMO and HOMO.

n: Chemical hardness.

u: Electronic chemical potential.

w: Electrophilicity.

n %: Inhibition efficiency from LPR corrosion rate measurements.

The energy gap, AE = (E;ymo — Enomo)» is an important parameter as a func-
tion of reactivity of the inhibitor molecule towards the adsorption on metallic sur-
face [61, 62]. As the energy gap (AE) decreases, the efficiency of the inhibitors
is improved. Data in Table 5 show that, the percent of inhibition efficiency is in-
creased with decreasing AE. This is in a good agreement with the experimental
observations suggesting that, the OEC-I inhibitor has the highest inhibition effi-
ciency among the investigated inhibitors. Electrophilicity index (w) has been de-
fined by Parr et al [63] as in Equation (15):

w=— (15)

where y is the chemical potential takes the average value, i.e, y = —(I + A)/2
where [ is the ionization potential of the donor and A is the electron affinity
of the acceptor, # is the chemical hardness, i.e., # = (I — A)/2. Generally, the
electrophiles are electron deficient and hence favor to accept electrons and form
bonds with nucleophiles. Thus electrophilicity is a useful structural depictor of
reactivity and is considerably used in the analysis of the chemical reactivity of
molecule [64]. The molecule with low potential is a good electrophile; an ex-
tremely hard molecule has weak electron acceptability. Consequently, a measure
of molecular electrophilicity depends on both the chemical potential and the
chemical hardness. From Table 5, it is clear that, the lower electrophilicity (w;
1.25 V) and highest chemical hardness (#; 3.54 €V) was found corresponds to
OEC-I inhibitor, this could lead to the conclusion that, the highest protection is
formed in the presence of OEC-1.
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The data in Table 5 show that, the value of dipole moment (D. M.) for OEC-I
model is higher compared with those of other inhibitors. The increase of the dipole
moment can lead to increase of inhibition, which could be related to the dipole—
dipole interaction of molecules and metal surface [65]. Finally, according to a se-
ries of properties calculated for each molecule shown in Table 5 the reactivity or-
der, that is, the inhibitive effectiveness order for the molecules are: OEC-I > TEC-
IT > CEC-III. The calculated results are in agreement with experimental results.

4 Conclusion

A systematic study of the corrosion inhibition of carbon steel in 0.50 M HCl in the
presence of three fatty acid surfactants by electrochemical and quantum chemical
calculations led to the following conclusion:

1. All studied surfactants showed good inhibition properties for the corrosion
of carbon steel in 0.50 M HCI. The inhibition efficiency increased with in-
creasing the inhibitor concentrations as well as the hydrophilic chain length,
getting maximum inhibition efficiency ranged between 97.10 and 99.61% at
400 ppm.

2. Evaluation of potentiodynamic polarization measurements revealed that the
studied three fatty acid surfactants behave as mixed type inhibitors.

3. The corrosion process was inhibited by the adsorption of studied surfac-
tants on the metal surface. Adsorption process obeyed Langmuir adsorption
isotherm.

4. The values of AngS showed that the studied inhibitors have mixed mode of
adsorption (Physical and chemical adsorption).

5. The CMC values showed a decrease in CMC with increasing in the length of
the hydrocarbon chain of the investigated fatty acid surfactants.

6. Thermodynamic parameters of micellization (AG.,, ) and adsorption (AGyy.)
provide a further confirmation that the selected surfactants predominance of
the adsorption than the micellization.

7. A good correlation was found in between the quantum chemical parameters
(Exomo» ELumo» energy gap (AE), electrophilicity (w), chemical hardness (7))
and experimentally obtained inhibition efficiencies of the studied surfactant
inhibitors.
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