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The Gemini imidazoline surfactants were synthesized from a series of saturated fatty acids.Their
corrosion inhibition on copper in NaCl solution was studied by electrochemical method.It was found
that the suppressive efficiency depended on pH, carbon chain length, and the concentrations of
surfactants. The results show that such kind of surfactants has outstanding suppressive effect on copper
in NaCl solution, and the restrained efficiency of Gemini imidazoline in alkaline solution is better than
in neutral solution. The shorter the carbon chain length is, the higher the suppressive efficiency is. The
higher the concentration of Gemini imidazoline surfactant is, the better the inhibitive effect is.
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1. INTRODUCTION

In recent years, the application of Gemini surfactants has gradually expanded. Gemini
imidazoline surfactants (GIS) have attracted much attention due to their excellent properties. The GIS
is a new type of surfactant developed. GIS, is composed of two surfactant monomers connected by a
binding group. The length of two end carbon chains of the monomer may be different [1-4]. Traditional
surfactant molecules are usually single-chain structures, and the electrostatic repulsion between
hydrophilic groups makes the arrangement of molecules on the interface not close enough, so the
interfacial activity of these structures is very low, making their effect poor. Gemini surfactants have
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excellent properties because of their special molecular structure. The involvement of bonding groups is
the key factor to change the structural diversity of Gemini surfactants, thus affecting the properties of
solution and interface[5]. Compared with traditional surfactants, it has very low CMC value, higher
solubility, lower Krafft point, special aggregation behavior and better synergistic effect [6-9]. Migahed
et al.[10] studied the effect of different ligands on inhibition. It was found that the smaller the ligand,
the better the inhibition effect. Yang et al.[11] studied the relationship between the inhibition effect and
temperature, and proposed that the inhibition effect increases with the increase of temperature. Tian and
Cheng[12] developed two kinds of Imidazoline Corrosion Inhibitors with multi-functional groups by
electrochemical test, surface characterization and scanning vibration electrode technology, and studied
their corrosion inhibition performance on X65 pipeline steel in formation water of saturated CO: oil
field. The results show that it has good corrosion inhibition effect. Feng[13] et al. Tested the corrosion
inhibition performance of GIS in HCI solution. The results show that at low concentration, the length of
carbon chain has little effect on the corrosion inhibition.Yang[14] compared the corrosion resistance of
imidazoline monomers with that of GIS. The results showed that the inhibition effect of GIS was better.
However, the suppressive efficiency of GIS with different carbon chain lengths have not been
reported[15,16].

In the present work, the most suitable pH of the environment for GIS to exert inhibitive effect
was explored. At the same time, the influence of structure and concentration of GIS on its suppressive
effect was also investigated. A series of imidazoline quaternary ammonium cationic Gemini surfactants
were synthesized from fatty acids, diethylenetriamine (DETA) and modifier 1,3-dibromopropane, and
their potential polarization curves and electrochemical impedance was measured. The restrained effect
of imidazoline surfactant monomer and Gemini surfactant on copper was studied in NaCl solution. The
corrosion inhibition performance of GIS in NaCl solution was studied by changing the solution pH, the
length of carbon chain and the concentration of inhibitor. The restrained efficiency of GIS on copper in
NaCl solution was evaluated.

2. EXPERIMENTAL METHOD
2.1 Materials and Main instruments

2.1.1 Materials

Saturated fatty acids with different carbon chain length (Stearic acid, Plamitic acid, Myristic acid,
Lauric acid and Oleic acid) . Diethylenetriamine (DETA), xylene, zinc power, dimethyl-carbonate, 1,3-
dibromopropane, acetone, all these reagents are analytical reagent (AR)

2.1.2 Main instruments

ALPHA FT-IR, NMR spectrometer, Electrochemical workstation (CHI600E), motor agitator,
Digital display constant temperature oil bath pot



Int. J. Electrochem. Sci., Vol. 15, 2020 8788

2.2 Synthetic methodology

The synthesis of GIS was carried out with fatty acids with different carbon chain lengths, the

synthesis route of GIS was shown in Figure 1.
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Figure 1. Synthesis route

The product is khaki solid, which is Gemini imidazolinium surfactants. The sysnetic GIS were
measured by ALPHA FT-IR and NMR spectrometer. The specific process is shown in Fig.1. FTIR
spectra of synthesized cationic GIS are given in Figure 2. *H-NMR spectra of synthesized Cationic GIS
are given in Figure 3. ( LG, MG, PG and SG are the GIS based on lauric acid, myristic acid, palmitic
acid and stearic acid, respectively*®l, LG is 1,3-di(1-methyl-1-ethylamino-2-n-undecyl-4,5-dihydro-
imidazoline) propane, MG is 1,3-di(1-methyl-1-ethylamino-2-n-tridecyl-4,5-dihydro-imidazoline)
propane, PG is 1,3-di(1-methyl-1-ethylamino-2-n-pentadecyl-4,5-dihydro-imidazoline) propane, SG is
1,3-di(1-methyl-1-ethylamino-2-n-heptadecyl-4,5-dihydro-imidazoline) propane. )
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Figure 2. FT-IR spectrum of the GIS.
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Figure 3. *H-NMR spectrum of the GIS.

In the Figure 2, FT-IR-Peaks at 1650~1665cm-1 confirmed the preparation of the imidazoline
ring. The peaks at 2920~2700cm™ are saturated —CH bonds. Presence of peaks at 730~760cm™
confirms the quaternization of ring. And peaks at 3320~3275cm-1 correspond to NH str- of amide
linkage.

In the Figure 3, *H-NMR-peaks at 7.27ppm corresponds to the proton peak of solvent deuterium
chloroform.the proton peak of —CHs at 0.88 ppm, the proton peak of —CH2 in the middle of alkyl chain
at 1.25ppm, the proton peak of —CH>—in the imidazoline ring at 1.61ppm and the proton peak of —
CH>— in the imidazoline ring at 2.29ppm. A proton peak of N*—CH is at 3.67ppm. The proton peak
of —CH>— in the branched chain is at 3.24ppm.

2.2 Electrochemical system

The main test system is electrochemical workstation. Three electrode device is adopted.
Platinum electrode was used as auxiliary electrode (CE), saturated calomel electrode as reference
electrode (RE) and pure copper electrode (d = 2.0 mm, puratronic, Alfa aesar, 99.999%) as working
electrode (WE). Use 200 mesh, 600 mesh and 2000 mesh sandpaper to polish the electrode surface to
make it smooth and flat. The effective area of the working electrode was 0.0314cm?. During the test, the
working electrode was put into the environmental corrosion medium without adding or adding different
concentrations of corrosion inhibitor. The polarization scanning rate is 1mV /s, and the scanning voltage
range is -1V ~ 1V. All potentials reported in this paper are referred to SCE
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2.3 Quantum chemical calculation

The quantum chemical calculations were carried out by using Gaussian 09 program[17].
Geometry optimization, highest occupied molecular energy (Exomo) and lowest unoccupied molecular
energy (ELumo) were performed at the B3LYP/6-31G(d) basis[18-19] without any symmetry constraint.

3. RESULTS AND DISCUSSION

3.1 Influence of pH

Fig. 4 shows the Tafel and EIS plots for the copper electrodes with and without GIS were
obtained in 3.5% M NaCl solution (pH=5,7 and 9).The electrochemical parameters obtained by fitting
polarization curves with extrapolation method are shown in Table 1.

Table 1. Electrochemical parameters and slow-release efficiency of polarization curves of pure copper
electrode in NaCl solutions with pH=5,7 and 9 respectively.

pH Inhibitors | -Econ(V) | ba(mV dec?) | -bc(mV dec?) icorr(pZA cm n%
)
Blank 0.228 30 18 1.87
LG 0.172 15 13 1.67 10.92
5 MG 0.210 9 7 1.67 10.78
PG 0.195 19 16 1.72 7.82
SG 0.197 21 25 1.78 4.79
Blank 0.204 18 14 1.73
LG 0.169 16 19 0.50 71.15
7 MG 0.172 9 12 0.51 71.01
PG 0.177 10 14 0.69 60.15
SG 0.181 18 21 0.71 59.18
Blank 0.161 8 12 1.45
LG 0.159 16 22 0.23 83.91
9 MG 0.145 8 10 0.24 83.00
PG 0.138 28 7 0.27 80.84
SG 0.167 13 10 0.35 75.59

As shown in Table 1, in NaCl solution with pH=5, the inhibition efficiency increases from 4.79%
t0 10.92% with the decrease of carbon chain length. Similarly, in NaCl solution with pH=7, the inhibition
efficiency increases from 59.18% to 71.15% with the shortening of carbon chain length. In NaCl solution
with pH=9, the inhibition efficiency increased from 75.59% to 83.91% with the decrease of carbon chain
length. At the same time, we can see that GIS with the same carbon chain length has better corrosion
inhibition effect in weak alkaline solution. For example, with the increase of pH from 5 to 9, the
inhibition efficiency of LG increased from 10.92% to 83.91%.
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Figure 4. Polarization and impedance curves of GIS with carbon chain length and different pH of
NaCl solution.

From Figure 4, we can see clearly that when four kinds of GIS with the same concentration are
tested in NaCl solution with the same pH, the shorter the carbon chain length, the more positive the Tafel
curve moves, and the higher the capacitance arc of EIS curve, the better the corrosion inhibition effect.
Therefore, we can draw the conclusion that the inhibition effect of GIS is better in weak alkaline
environment and shorter carbon chain length.

This is because the corrosion inhibition performance of organic corrosion inhibitors is closely
related to their water solubility. Good water solubility of corrosion inhibitors is the prerequisite for their
adsorption on the interface between metal and water solution. When the concentration of corrosion
inhibitor is the same, the shorter the length of carbon chain, the better the water solubility, the more the
adsorption amount of corrosion inhibitor on metal surface, the better the corrosion inhibition
performance[20]. At the same time, the molecular structure is also an important factor affecting the
corrosion inhibition performance. Because of the synergistic effect between short carbon chain
molecules at the same concentration, the stable conformation with low energy can be formed and
adsorbed on the metal surface to inhibit the corrosion reaction[21]. However, the long carbon chain
corrosion inhibitors have a competitive relationship between carbon chains, which is characterized by
high energy, unstable adsorption, and difficult to coordinate in the direction of molecule, so they are
adsorbed on the surface of copper electrode.

3.2.1 Different concentration

The effects of imidazoline lauric acid Gemini surfactant concentration (50, 100, 150, 200 and
250mg/L) on its restrained effect were studied in NaCl solution with pH=9 and other conditions



Int. J. Electrochem. Sci., Vol. 15, 2020 8792

unchanged. As shown in Fig. 5, with the increase of the concentration of imidazoline lauric acid Gemini
surfactant in sodium chloride solution from 50 mg/L to 200 mg/L, the corrosion current density
increases, the corrosion inhibition efficiency increases, and the curve moves in a positive direction. This
indicates that LG is a corrosion inhibitor which mainly inhibits the anodic process. With the increase of
LG concentration, the corrosion rate of copper electrode decreases and the slow-release efficiency
increases. The higher sustained release efficiency is due to the adsorption of LG molecules on the surface
of copper electrode.
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Figure 5. Polarization and impedance curves of GIS with different concentrations in NaCl solution

With the increase of inhibitor concentration, the slow-release efficiency increased rapidly, and
then the component tended to be stable. When the concentration reached 250 mg/L, the sustained release
efficiency decreased slightly, because LG was a good surfactant and there was a critical micelle
concentration in NaCl solution. Under the critical micelle concentration, the inhibitor is mainly dispersed
in the corrosive medium in the form of molecules. At this time, the adsorption amount of the inhibitor
on the surface of the copper electrode increases with the increase of its mass fraction. When the mass
fraction of the inhibitor reaches the critical micelle concentration, the mass fraction of the inhibitor in
the presence of molecules will not increase with the increase of the amount of the inhibitor added, but
will combine to form micelles. The amount of the inhibitor molecules adsorbed on the surface of the
copper electrode will not increase significantly. Therefore, the slow-release efficiency of the inhibitor
will not increase significantly. On the other hand, when the inhibitor reaches the critical micelle
concentration, micelles are formed between the inhibitor molecules. Competitive adsorption between
the inhibitor molecules adsorbed on the metal surface and the inhibitor micelles and water molecules
will be elaborated, resulting in the phenomenon of "anodic desorption” of the inhibitor molecules
adsorbed on the metal surface, resulting in a decrease in the slow-release performance[22]. The specific
values are shown in Table 4.

It can be seen from Fig. 4 that the polarization curves of copper electrodes in NaCl solutions with
different pH are composed of three potential regions: the formation of CuCl film and the diffusion
process of CuCl, determine the Tafel region. As the potential increases gradually, the formation of CuCl
film gradually dominates, and the potential gradually transits from the activation zone to the passivation
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zone. When the CuCl film dissolves, the limit current region is formed on the surface of the electrode.
The corrosion inhibition efficiency (n%) can be calculated by the formula.

10

77%=M><100

|
0
|

corr

In this equation,i®corr and icorr are the corrosion currents of the electrodes without and with
GIS.The experimental parameters obtained in Fig. 4 and Fig. 5 are shown in Table 1 and Table 2. As the
solution gradually changes from weak acidity to weak alkalinity, the concentration of the GIS increases,
the length of carbon chain decreases, the corrosion inhibition rate increases, and the slow-release effect
becomes better. which indicates that the self-assembled films of GIS formed are more compact and the
coverage of the films on the electrode surface is higher[23,24].

Table 2. Electrochemical parameters and inhibitive effect efficiency of LG with different
concentrations in NaCl solution at pH=9.

Inhibitors | C(mg /L) | -Ecor(V) | ba(mV dec™) | -bc(mV dec™?) | icor(MA cm?) | n%
50 0.166 12 16 0.85 54.28
100 0.171 8 11 0.54 68.65
LG 150 0.166 9 15 0.43 70.04
200 0.159 16 22 0.23 83.91
250 0.161 12 14 0.34 74.87

Impedance experiments show that the real and imaginary parts covered with SAMs are higher
than those covered with blank copper electrodes, which means that the reactive resistance is higher and
the capacitance value is smaller. In addition, the variation of self-corrosion potential and self-corrosion
current of polarization curve is consistent with that of impedance. The above results show that the GIS
on the surface of copper sample as a physical barrier prevents chloride ions from attacking copper
electrode and reduces the diffusion rate of corrosion products, so the corrosion process is inhibited.

3.3 Quantum chemical calculations of GIS on copper electrodes surface

As we all know, AE, the difference between the ELumo and Enowmo, IS usually used to predict
adsorption centers and corrosion inhibition efficiency of the inhibitors on metal surface. In the frontier
orbital theory, the ability of the electron transition from HOMO to the potential acceptor increases with
the value of EHomo, and the value of ELumo shows strength of the capability of accepting electrons for
the LUMO. So, the higher values of AE means that the molecules have a good stability and lower
reactivity. And the lower values of AE indicates that the the molecules have the better reactivity. Thus,
in order to research the different inhibition process of LG, MG, PG and SG, the frontier orbitals of LG,
MG, PG and SG were obtained by using Gaussian 09 program at the B3LYP/6-31G(d) basis, as shown
in Table 3.
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Table 3. Frontier orbital energies of GIS

Surfactants ELumo/eV Enomo/eV AE/eV
LG -0.25681 -0.37474 0.11793
MG -0.25671 -0.36159 0.10488
PG -0.25659 -0.35097 0.09438
SG -0.25652 -0.34280 0.08628

From the Table 3, we can clearly see that both of the Enomo and ELumo for GIS decrease with
shorter carbon chain. For example, the values of the Enomo and ErLumo for SG is -0.25652 and -0.34280
eV, while that of for LG is -0.25681 and -0.37474 eV, respectively. It is indicates that the GIS with
shorter carbon chain can acts as the potential electron acceptor, and the GIS with longer carbon chain
can acts as the electron donor. As shown in Fig.6, it can be seen that the HOMO are spread over the
alkyl chain, and the LUMO are mainly distributed in imidazole ring. It is noted that the AE values of
GIS with longer (shorter) carbon chain is less than that of the GIS with shorter (longer) carbon chain,
meaning that the GIS with shorter carbon chain owns the higher reaction activity, the stronger interaction
with Cu and the higher protective efficiency than the GIS with longer carbon chain.
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Figure 6. Electron distribution in the HOMO and LUMO for LG.
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As described above, the distribution of the HOMO and LUMO can form multi-adsorption centers
for the adsorption of GIS on the copper electrodes surface. On the one side, the nitrogen atoms of the
imidazole ring can easy accept (provide) electrons to LUMO form the outer electrons of 4s* of Cu atom.
The occupied 4s orbital of Cu interact with the LUMO orbital of GIS forming a feedback bond. On the
other side, the electron can be facilitates transferred to the vacant 4s orbitals of Cu from the HOMO,
forming a coordination bond. The coordination bond and feedback bond forming between GIS and Cu
atom enhances the adsorption stability of surfactant molecules on the Cu surface.

4. CONCLUSION

As a new surfactant, the research of GIS is in the ascendant. However, there are still few reports
about the effect of its structure on its related performance. Our group is currently working on the effect
of its structure on its performance. A series of GIS surfactants with different carbon chain lengths have
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been synthesized and explored. Through comprehensive modification test, corrosion inhibition
performance evaluation test and corrosion inhibition mechanism exploration test, the results are as
described in this paper, and the following conclusions are drawn :

(1) With other conditions unchanged, GIS has a good inhibition effect in weak alkaline
environment.

(2) When other conditions remain unchanged, the carbon chain length of GIS also affects its
inhibitive effect. The shorter the carbon chain length, the better the suppressive effect. The higher the
concentration of Gemini imidazoline inhibitor, the better the inhibition effect.

(3) When other conditions remain unchanged, increasing the concentration of corrosion inhibitor
to a critical range can improve the coverage of corrosion inhibitor on metal surface and effectively
protect metal.
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