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Abstract

The purpose of this manuscript is to synthesize and characterize new corrosion inhibitor
compounds such as ion paired surfactants (1,7-lactobionamidoheptanoic acid) derived from
non-toxic soluble sugars and to examine the inhibitory effect of these products on the corrosion
of zinc in the 3% NaCl medium. The prepared products are chemically pure, and the average
yield is of the order of 80%. The characterization of these molecules was performed by NMR
(*H and 3C), IR, mass spectroscopy and elementary analysis. The anticorrosive effect of the
surfactant, (1,7-lactobionamidoheptanoic acid) on the corrosion of zinc in 3% NaCl solution
was evaluated by gravimetric and electrochemical techniques (potentiodynamic polarization
and electrochemical impedance spectroscopy). The results showed that our synthesized
surfactant (the bolaform: 1,7-lactobionamidoheptanoic acid) is an excellent corrosion inhibitor
for zinc in 3% NaCl. Up to 90% inhibitory efficacy has been demonstrated by surfactant at a
concentration of 5-10~3 M. Based on polarization curves, it is clear that the surfactant 1,7-
lactobionamidoheptanoic acid can be considered as a mixed inhibitor with a predominantly
cathodic character. Inhibitory efficacy increases with increasing inhibitor concentration. No
corrosion product formed.
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Introduction

It is well known that the high affinity of surfactant molecules to adsorb on to interfaces is
responsible for their applications in several interfacial systems. Consequently, surfactants
can be used as good corrosion inhibitors in metallic surfaces [1].

Surfactants are among the most versatile materials used in many applications [2]. Thus,
they have been used worldwide in large quantities everyday as detergents, petroleum
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additives, antibacterial [3, 4], liquid crystals [5], gene transfection agents [6], road repair
materials [7], mineral flotation agents [8], metal protection corrosion [9, 10], phase transfer
catalysts in regioselective addition reactions [11, 12] and in preparation of crystalline
mesoporous materials [13, 14]. As a result, demands for high-performance surfactants are
continuously increasing.

Classical surfactant molecules are generally composed by two distinct chemical parts:
a polar head and an alkyl chain. These two parts are incompatible. For instance, this self-
association affords a unique molecular architecture assembly, called micelle [15].

Great numbers of scientific studies have been devoted to the application of surfactants
as metal corrosion inhibitors [16—19]. It was found that organic surfactants inhibit corrosion
by forming an adsorbed film at the metal-electrolyte interface. The film formation results
either from the weakly bonded and physisorbed ions or molecules, or from strongly bonded
and chemisorbed species, depending on the characteristics of both the metal surface and the
surfactant.

The surfactants may inhibit either the cathodic or the anodic reactions, or in some cases
both. However, there is no strict proof about the nature of the adsorbed film, the mechanism
of adsorption and its specific role in retarding the electrode reaction. An inhibitory
augmenting action was observed when the concentration of the surfactant in the corrosive
solution is close to the critical micelle concentration (CMC) [20].

In the present work, we synthesized 1,7-lactobionamidoheptanoic acid (L6). This
bolaform was associated with 2-aminobenzimidazole to form an ion pair:
bolaform/benzimidazole. The formed surfactant is soluble in water and has been
successively identified and characterized by different techniques which include NMR, IR,
mass spectrum and microanalysis. In order to examine the capacity of this surfactant to
inhibit corrosion on metallic surface (1 cm?), gravimetric and Kesternich assays were
performed over zinc plate in 3% NacCl.

Experimental

All chemicals used in the investigation were purchased from Aldrich Chemical, France.
Corrosion tests by gravimetry were performed in 3% NaCl solutions, immersion was
performed for 7 days, and the samples were dried and weighed every 24 h.

Electrochemical investigation

Electrochemical experiments were performed in aerated solution of 3% NaCl by means of
potentiostatic technique. The cell contains a platinum disc as counter electrode, a saturated
calomel electrode as reference and the working electrode (zinc). Before every run, the
surface of the electrode was abraded using emery paper of 1200 grades until it is mirror
bright. The potential scanning rate was 500 uV/s. The polarization curves of zinc were
recorded in the absence and presence of different concentrations of the inhibitor after 20 min.

The electrochemical impedance spectroscopy (EIS) was carried out with a Tacussel
electrochemical system which included a digital potentiostat model Voltalab PGZ 301
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computer at Ecor after immersion in solution without bubbling, the circular surface of zinc
exposing of 1 cm? to the solution were used as working electrode. After the determination
of steady-state current at a given potential, sine wave voltage (10 mV) peak to peak, at
frequencies between 100 kHz and 10 mHz were superimposed on the rest potential.
Computer programs automatically controlled the measurements performed at rest potentials
after 60 min of exposure. The impedance diagrams are given in the Nyquist and Bode
representations. The fitting parameters were obtained using the EC-Lab software.

Inhibitor synthesis and characterization

NMR spectrum

'H and ¥C NMR spectra were recorded on Bruker Advance 300 spectrometer at nominal
frequencies of 300.18 MHz for *H and 75.48 MHz for 13C, respectively.

Infrared spectrum
Infrared spectra were recorded on a Perkin-Elmer FT 1760-X spectrometer (0.5% KBr).

Mass spectrum

A Waters Q-T of Ultima APl mass spectrometer with an electrospray ionisation source (ESI)
in positive mode was used for HRMS measurement. The capillary, cone and Rf lens
potentials were set to 3 kV, 35 and 40V, respectively. The source and desolvation
temperature were set to 100 and 120°C and the collision energy was 10 eV in TOF-MS
mode. Analyses were monitored with MassLynx 4.0 software. To measure the exact mass of
the catanionic associations, the spectrometer was calibrated with H3PO, clusters.

Synthesis of the associate of 1,7-lactobionamidoheptanoic acid (L6) with 2-
aminobenzimidazole

In 20 mL of pure water, we introduced 200 mg of 2-aminobenzimidazole and 759 mg of 1,7-
lactobioamidoheptanoic acid (L6). The reaction mixture was stirred at 50°C for 24 h, and
then freeze-dried. A white solid was collected (Figure 1, Figure 2 and Figure 3).

p=73% (flash chromatography, Rf=0.4).

IHNMR (300 MHZ, DZO) ) ppm: 1.27 (m, 4H, C14,15—H); 1.48 (m, 4H, C13,15—H); 2.31
(t, 2H, C17—H); 2.81-3.01+3.47-3.89 (m, 1OH, C21_24,27_30—H); 3.18 (t, 2H, C12—H); 3.89
(1H, Cx%—H); 4.27 (d, 1H, C3—H); 5.19 (d, 1H, C»s—H); 7.22 (dd, 2H, C;s—H); 7.83 (d, 2H,
Csg-H (aromatic ring); 7.98 (3H, NHJ).

The proton bound to carbon 15 is more deshielded because of the inductive effect of
attractor two oxygens, bound to carbon 10 is at most deshielded by the attractor inductive
effect of oxygen and the mesomeric attractor carbonyl.

The proton bound to carbon 7 is more deshielded compared to the proton bound to the
carbon 2 as oxygen binds to the carbon bearing the proton has a significant effect that the
attractor carbonyl.
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Figure 2. Synthesis of 1,7-lactobionamidoheptanoic acid (L6).

o Pl

Pure water T=50°C

Figure 3. Association of 1,7-lactobionamidoheptanoic acid (L6) with 2-aminobenzimidazole.
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BC-{*H} NMR (75 MHz, D20) § ppm: 25.33-26.10 (Cy4 and C;s); 28.48—30.84 (Cy13
and Cis); 37.13 (C12); 39.89 (Ci7); 62.26—64.25 (Cs and C¢'); 69.77—70.54—71.34—73.65—
74.85-76.44 (C21, sz, C23, C24, C27, C28, C29, Cgo); 77.60 (C26); 81.54 (Czo); 108.67 (Czs);
117.31 (Cs, C7); 124.77 (Cs, Cs); 139.71 (Cy4, Co); 142.86 (Cy); 173.53 (C1); 183.74 (C11).

The carbon 15 is more deshielded because of the inductive effect of attractor two
oxygens and the carbon 10 is at most deshielded by the attractor inductive effect of oxygen
and the mesomeric attractor carbonyl.

The carbon 7 is more deshielded compared to the carbon 2, since nitrogen bound to the
carbon that bears that proton has a significant effect that the attractor carbonyl. The first acid
carbonyl is more deshielded than the carbonyl of the amide 9.

e IR (KBr) cm=: 1647 (vc=o0 (amide)); 183.46 (vcoo-).

e ESI: m/z=619 [M+H]"; M =2-aminobenzimidazole+1,7-lactobioamidoheptanoic acid.

e Elemental analysis: C%: 50.48, H%: calculated: 6.84; N%: 9.06; found: C%: 49.97, H%:
6.20, N%: 8.94.

Dynamic light scattering (DLS)

The size of the vesicles was evaluated in agueous solution by dynamic light scattering (DLS)
using a Malvern Instrument Zetasizer 3000HR equipped with a 5 mW helium-neon laser
with an output wavelength of 633 nm. The scattering angle was 90° and the intensity
autocorrelation actions were analyzed using the Automatic method. This system was able to
be used for samples containing particles from 5 nm to 10 nm. The polydispersity index (PI)
obtained from this type of experiment renders the vesicle size distribution [21]. The higher
the polydisperse index is, the more important is the amplitude of the diameter distribution.
Vesicles are considered as monodisperse for P1/0.66. The formation of the vesicles was
observed through Transmission Electron Microscopy (TEM) using a JEOL JEM 1011
electron microscope, operating at 80 kV. Mixtures of associations in water were applied on
copper grids (Formvar), negatively stained with a 2% (wt/vol) of sodium phosphotungstate
(pH 7.5).

Surface analyses
The surface morphology of the samples, after immersion in 3% NaCl solution containing
inhibitor or not, was investigated by MEB-EDS.
Results and Discussion

lon-pair synthesis

The synthesis of the sugar-based bolaamphiphile is based on a two-step synthesis already
described in the literature. After reaction between the long chain aminoacid and lactobionic
acid in a basic medium, the carboxylic acid function is regenerated using an ion-exchange
resin (Figure 3). Then the synthesis of the ion-pair was achieved using an acid-base reaction
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in water between stoichiometric amounts of the sugar-derived bolaamphiphile and 2-
aminobenzimidazole. This method easily and quantitatively led to the water-soluble ion-pair.

All the associations were fully characterized by 'H NMR, *C NMR and FT-IR
spectroscopy. The completion of the reaction is characterized by the complete disappearance
of the carboxylic absorption band at 1724 cm™ and appearance of the carboxylate stretching
symmetric and asymmetric bands respectively at 1402.4 cm™ and 1568.6 cm™,

Determining the CMC (critical micelle concentration)

We determined the wavelength of our synthesized product at a definite concentration
(103 M) and we found A=280 nm. Then we prepared diluted solutions, to plot the curve of
absorbance versus the concentration (Figure 4).

1 T T T
y = 0,025243 + 1537,7x R= 0,99645
Q
08 4
4
i
4
08 . -
Q
Q /
04 > B
. o’
CMC o~
e
0.2 I o
/ l -— y=-0,080828 + 2355,5x R= 0,99895
0
0 0,0001 0.0002 0.0003 0.0004 0.0005

Concentration (mol/l)

Figure 4. Determination of the CMC of the surfactant: 1,7-lactobioamidoheptanoic acid
(L6)+2-aminobenzimidazole.

Therefore, we deduce the value of the CMC from the intersection of two curves, which
is of the order of 1.2x10-2 mol/L.

Analysis by DLS (quasi-elastic scattering of light)

We prepared solutions containing 1,7-lactobionamidoheptanoic acid (L6) and (1,7-
lactobionamidoheptanoic acid (L6)+2-aminobezimidazole) at a concentration above the
critical micelle concentration, then we analyzed these samples by DLS in order to examine
the existence of aggregates or objects in these solutions (Table 1).
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Table 1. Analysis by DLS and the (bolaform) and (bolaform+2-aminobezimidazole) in 3% NaCl and water.

Products Diam/NaCl (nm) Diam/water (nm)
Bolaforme 59.64 43.41
Bolaforme+2-aminobezimidazole 63.03 88.87

DLS analysis of these solutions has shown the existence of objects whose size varied
in presence of NaCl and water.

In the NaCl solution, we notice that the diameter of the formed object of the bolaform
(1,7-Lactobionamidoheptanoic Acid (L6)) (59.64 nm) is larger than the one formed in water
(43.41 nm). In the water, we notice that the diameter of the formed object of the associated
bolaform (1,7-Lactobionamidoheptanoic Acid (L6)+2-aminobenzimidazole) (88.87 nm) is
larger than the one formed in NaCl (63.03 nm). These vesicles were only stable for a few
hours.

Gravimetric measurements
The gravimetric measurements corroborate the electrochemical results. The inhibitor
efficiency, IE(%), was also estimated from weight loss measurements using the relation (1):
W -W.
IE(%)=——-0.100 1
(%)= (1)

where W and Wi, are rate of corrosion (g-cm2 h=t) with and without inhibitor, respectively.
Corresponding data are given in Table 2, for immersion period of 7 days.

Table 2. The corrosion rates in the absence and presence of inhibitor in 3% NaCl and inhibitor efficiency
IE(%) determined by gravimetric method.

Corrosion rate

Inhibitor (g-cm2-h-) IE (%)
Blank 0.260 -
NaCl 3%+ (Bolaform 10 M) 0.195 25
NaCl 3%+ (Bolaform+2-aminobenzimidazol 103 M) 0.028 89

Figure 5 represents the data of weight loss time curves for the system involving
inhibitor or not.

The samples of zinc were immersed in 3 solutions of 3% NaCl each one contains a
different molecule. After 7 days of immersion, we calculated and plotted the curves of mass
loss. The results of gravimetric measurements are shown in Figure 5.

Figure 5 show that there is a slight decrease of the mass of zinc in the solution (3)
(3% NaCl+(1,7-lactobionamidoheptanoic acid (L6)+2-aminobenzimidazole) compared to
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the other solutions (1) (3% NaCl) and (2) (3% NaCl+1,7-lactobionamidoheptanoic acid
(L6)).

0.0016 -

-—NaCl3%
0.0014 - -=-NaCl 3% + Bolaform
-«NaCl3% + (Bolaform + 2-amino-Bz)
t 0.0012 -
L o001
=}
&  0.0008 -
o
£ 0.0006 -
2
@ 0.0004 -
=
0.0002 |

0 T ¥ T T T T T T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
Time ( hours)

Figure 5. Influence of 3% NaCl medium on iron in the absence and presence of different
molecules studied.

To determine the efficiency of these inhibitors, we calculated the corrosion rate in
3% NaCl solution. Corresponding data are given in Table 2.

The inhibitors efficiency was estimated to be 89% for inhibitor (bolaform+2-
aminobenzimidazole: (B+Bz)) and 25% for inhibitor bolaform. Thus, we deduce that the
inhibitor (B+Bz) has a better efficiency compared to the other inhibitor.

SEM observation

Figure 6 displays the surface state of zinc, observed by SEM analysis, after immersion in
3% NaCl solution alone or even with other inhibitors (Bolaforme, Lactobionic acid,
Lactobionic acid + 2-aminobenzimidazole). The presence of rust on the surface of sample
shows clearly that zinc has undergone corrosion. On the other hand, in the presence of the
inhibitor Bolaforme+ 2-aminobenzimidazole, the surface of zinc immersed in 3% NacCl
medium is fond homogeneous with an absence of zinc oxide ZnO, which may be produced
by corrosion.

x1,600  10um
Zn seul 0007 09 Jun 2011

SEI  20kV WD13mm SS61 x1,600  10pm ‘e—
Zn NaCl B benz2 0006 08 Dec 2010

Figure 6. Micrographs showing surface of zinc after gravimetric test in 3% NaCl solution.
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Kesternich test
Cycles are programmed with duration of 24 h each. Kesternich cycle consists of two steps:

* 6 h at 40°C 1in total moisture;
18 h at 25°C without humidity;

The samples are weighed before and after each cycle in order to obtain an average value
of mass uptake (mg/dm?). The weighing of each plate was made during 1 h, 4 h, 8 h, 24 h
and 72 h. Then we analyzed these samples by the Kesternich test to examine the adsorption
of molecules on the surface of the zinc. The results are presented in Figures 7 and 8.

120 -

~l-reference =B+ Bz 1h reference
g 100 —2-B + Bz 4h =B+ Bz Sh
% =B+ Bz 24h =e=B+ Bz 72h
= 80
e’
)
@
. 60
p—
= 40
=1
- p—
=%
= 20

Number of cycl e

Figure 7. Kesternich Test on the plates of zinc in the presence of inhibitor (B+Bz).

+ !

r‘é "
SEI 20KVEE WD10mm  SS40 X1600 MOpm  S—
rel £l 0004 21 Dec 2010
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I’ .
'
x1009,  10ym —.'

|- 0006 21 Dec 2010

8Sh 24h 72 h

Figure 8. Micrographs showing surface of zinc after Kesternich test in 3% NaCl solution.
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The longer the period of the immersion of the zinc (72 h) in a solution that contains the
inhibitor (B+Bz), the lower the mass uptake will be.

Electrochemical testing

The polarization curves of zinc sample in the absence and presence inhibitor are presented
in Figure 9 and 10. The corrosion potential (Ecr) was found to be —1377 mV/ECS
(5-10 M of inhibitor). The corrosion current density can be obtained from the extrapolation
of Tafel line to the corrosion potential; in the present work it was found to be 7.36 mA/cm?
(5-107 M of inhibitor). The inhibitor efficiency was estimated to be 93.1% for inhibitor
(5-1073 M). These results were calculated using the following expression (2) [22]:

ICOI'I'
IE(%) =

- corr(inh)

1100 ()

I corr

where leor and leorinny are respectively the corrosion current densities without and with
inhibitor, respectively, evaluated by extrapolation of Tafel lines to the corrosion potential.
The corrosion parameters lcor, Ecorr and inhibitor efficiency, 1E%, obtained in uninhibited
and inhibited solutions are given in Table 3. The higher corrosion resistance was exhibited
by the zinc samples in the presence of inhibitor B+Bz (5-102 M).

According to Tafel lines, we observed a shift of potential towards more negative values
in cathode region and a diminution of the current density towards negative values. Thus, we
deduce that we have a mixed inhibitor.

Analysis of polarization curves allowed us to define the electrochemical parameters and
inhibition efficiency of corrosion of zinc in 3% NaCl without and with addition of different
concentrations of the inhibitor (Table 3).

21,0 4 Blank
11 10° M
JE—

w -1,2 4

O

12

<

LIJ =
2 510° M
-1,4 - //
15 ,

T T T L L L T — 1
-600 0 600 1200 1800 2400 3000 3600
Time (s)

Figure 9. Electrode potential as a function of time (chronopotentiogram) of zinc in 3%NacCl in
the absence and presence of different concentrations of inhibitor.
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Figure 10. Polarization curves of zinc in 3% NaCl in the absence and presence of different
concentrations of the inhibitor.

Table 3. Electrochemical parameters (Ecorr and lcorr) and inhibitor efficiency (IE%), of the zinc in 3% NaCl
solution with and without inhibitor.

Inhibitor Ecorr (MV) lcorr (MA/cm?) IE%

Blank -1010 107.05 -
NaCl 3%+B+Bz (104 1142 12.45 88.3
NaCl 3% B+Bz (107) -1283 9.25 91.3
NaCl 3% B+Bz (5-107°) -1330 7.36 93.1

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) measurements have been carried out at
298 K in 3% NaCl solution with and without B+Bz compound at the corresponding open-
circuit potentials. The Nyquist and Bode plots (Figures 11 and 12) obtained, for zinc in
3% NaCl medium containing different concentrations of B+Bz, show two phenomena as
seen in the literature for NaCl media [23, 25].

The two observed phenomena are two capacitive loops, one for the charge transfer and
the second one for the passive layer of the products of corrosion [23]. Therefore, we used
the equivalent circuit shown in Figure 13 to fit our experimental impedance data. The
constant phase element (CPE) is substituted for the capacitive element to give a more
accurate fit as specified in the CPE impedance, equation 3 [24].

Lope = Q™ (im)_n (3)

where Q is the CPE constant, o is the angular frequency (in rad-s™), i#=—1 is the imaginary
number and, is a CPE exponent. All the impedance parameters obtained from the
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experimental impedance data fit, including Ri, Rz, Q and n, are shown in Table 4. The
calculated inhibition efficiency according to the equation 4 is also given in Table 4.

500 -
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7 ——%— 510" M
— 300 -
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Figure 11. Nyquist plots of zinc in 3% of NaCl solution containing various concentrations.
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Figure 12. The Bode modulus and Bode phase of zinc substrate immersed for 1h in 3% NaCl.
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Figure 13. The equivalent circuit used for impedance spectra fitting.

Oy

s

Table 4. Electrochemical parameters and inhibitory efficiency for different concentrations of B+Bz for
corrosion of C38 steel in 3% NaCl.

C(Iovrl‘)c R Qu10° Ry Ci o R2 C: Ro=  cop
B+B7 (Q-cm?) (s"Qt-em™) h (Q-cm?) pF-cm=? (s"Ql-em™?) N2 (Q-cm?) (102-F-cm™?) Ri+R2
Blank 10.56 0.365 0.861 49.45 192 0.015 0.699 27.19 10.48 76.66 —
10*  10.27 6.91-10% 0.770 248.2 20.6 0.049 0.496 152.2 0.379 400.4 80.85
10  10.65 7.20-10% 0.787 276.5 24.9 0.049 0.668 172.7 0.143 449.2 82.94
5-10° 10.27 7.56-10% 0.728 401.6 20.6 0.017 0.574 214.9 0.0439 616.5 87.4
0 Ry
IE(%)=|1- 100 4)
t(inh)

where R; and Ryinn) are respectively the total resistance (Ri=R1+R>) in the absence and in the
presence of the extract.

The “double layer capacitance” values (Cq) were calculated using the parameters fitting
the diagrams to the equation 5 [24].

study are in agreement with those obtained from polarization measurements.

Cdl _ (Q - Rg-_n )1/T]

From Table 4, it can be seen that the Rs values remain almost unchanged upon addition
of inhibitor. The R; and R, values increase with the inhibitor concentration. Consequently,
the total resistance (Ri=R;+R;) increases with the inhibitor concentration, leading to an
increase in the corrosion inhibition efficiency. The IE(%) values calculated from impedance

()

The first phenomenon, the decrease of C; is not as regular as the first one. We can
suppose that the passive layer is porous [25, 27, 28]. According to Mouangua [25] and
Muster [26], the corrosion layer is porous and hydrated as observed in SEM micrographs, in
the same way, XPS studies showed that the zinc hydroxide chloride is the dominant
corrosion products. The decrease in the CPE parameters Q with increase in inhibitor
concentrations confirms the formation of a protective layer covers the zinc surface and an
increase in the corrosion inhibition.

The decrease of the C; of the second phenomenon could be attributed to the adsorption
of the inhibitors on the electrode surface forming protective adsorption layers. The double
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layer capacitance occurs at the electrode/electrolyte interface. The electrode surface has a
charge, due to an excess or depletion of electrons, which resides with the atoms in the first
layer of the surface and is balanced by an equal number of oppositely charged particles in
the electrolyte. The distribution of this charge determines the field strength of the interface,
which, in turn, defines the speed of ion transfer. The decrease of capacitance is due to the
displacement of water molecules and other ions originally adsorbed on the electrode by the
inhibitor molecules, forming a protective layer, which decrease the number of actives sites
necessary for the corrosion reaction and so increase corrosion inhibition.

Conclusion

In this work, we successfully synthesized the surfactant (B+Bz). The NMR, IR, mass
spectrum and microanalysis characterizations fully confirm the chemical structure of the
surfactant.

To examine the anticorrosion ability of the synthesized surfactant on metallic surfaces,
gravimetric and Kesternich tests were performed on zinc in 3% NaCl. Those tests showed
that the inhibitor B+Bz showed very good inhibiting efficiency.

Electrochemical studies demonstrated a shift of potential towards more negative values
and a diminution of the current densities. Therefore, we have a mixed inhibitor. A higher
concentration of inhibitor leads to an increase in the inhibitory effectiveness of zinc in the
3% NacCl solution.

Anticorrosion ability of different types of surfactants can be potentially used in the
industry as good options to solve the problems of corrosion on metallic surfaces in order to
prevent the material and economic loss.

Analysis by impedance spectroscopy shows that R; values increase, while the values of
Caq decrease. Change in Cy is likely due to the adsorption of organic molecules onto the
metal surface, decreasing the rate of dissolution reactions.
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