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Bipyridine surfactants (BPSs) were analyzed as corrosion inhibitors for mild steel in 1 mol-L™ HCI. The
corrosion behavior was evaluated using weight loss method, potentiodynamic polarization, and
electrochemical impedance spectroscopy. The results show that the anticorrosive efficiency increased
with increasing concentration of BPSs. In addition, BPSs behaved as a mixed-type inhibitor based on
the anode. The surface of steel was examined by scanning electron microscopy, atomic force
microscopy, and X-ray phosphorescence spectroscopy. The elemental analysis of the chemical states on
the surface indicated that BPSs adsorbed on mild steel surface to prevent corrosion.

Keywords: mild steel; corrosion inhibitor; bipyridine; electrochemical

1. INTRODUCTION

Metal corrosion is caused by the electrochemical and chemical interaction between the metal
surface and the surrounding environment, causing gradual destruction of metal structure integrity [1].
Since metal corrosion cannot be evitable, prevention and mitigation of corrosion are a common strategy
in industry. Among the anti-corrosion methods, the use of corrosion inhibitors is a common and
important method [2]. Different types of organic compounds, containing N, S, O, and n-electrons have
high potential to be applied as inhibitors to prevent corrosion [3-8]. Many synthetic organic compounds
have been proven to be effective corrosion inhibitors for slowing down the corrosion; however many
new and efficient corrosion inhibitor have not been widely used because of their harmful effect on human
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and environment [9]. Therefore, developing eco-friendly corrosion inhibitors instead of highly toxic ones
has become a new area of interest [10-12].

Surfactants have been extensively used as corrosion inhibitors in different media. Espinosa et al.
[13] studied four types of imidazolium surfactants with long alkyl chain as corrosion inhibitors for
copper in air, indicating that the inhibitors could react with copper to form the corresponding copper
sulfate salt, increasing the roughness and hydrophobicity of the copper surface. Kowsari et al. [14] found
that surfactants with amino functional group have good anti-corrosion performance for mild steel in 1
mol/L HCI solution, and such inhibitors decreased the corrosion rate by inhibiting anodic dissolution.
Tawfik et al. [15] synthesized three gemini surfactants as corrosion inhibitors, where the inhibitors could
adsorb on mild steel surface to form a monomolecular layer, following the Langmuir adsorption isotherm
model.

This study aimed to investigate the inhibition efficiency of two bipyridine surfactants (BPSs) on
mild steel in 1 mol-L* HCI solutions. The anti-corrosion performances were examined by
electrochemical measures and weight loss test. The interaction between the active component and the
surface of mild steel were characterized via X-ray photoelectron spectroscopy (XPS). The surface
characteristics of mild steel were investigated in detail by scanning electron microscopy (SEM) and
atomic force microscopy (AFM). Finally, the possible inhibition mechanisms of the BPSs were proposed
by Langmuir adsorption isotherm.

2. EXPERIMENTAL

2.1 Materials and chemicals

Bipyridine surfactants named 1,1-didecyl-4,4-bipyridine (4-BP) and 1,1-didecyl-2,2-bipyridine
(2-BP) shown in Fig. 1 were synthesized according to the following procedures. Briefly, 0.2 mol 4,4-
bipyridine/ 2,2-bipyridine was dissolved in acetonitrile, and the resulting solution was stirred under
heating at 100 °C in N2 atmosphere, followed by dropwise addition of 0.4 mol bromodecane to the
mixture solution and reacted further for 40 h. The acetonitrile in the reaction mixture was removed by
rotary evaporation. The products were washed with ethyl ether and vacuum dried. The structures of the
two pure BPSs were characterized by FTIR in the frequency range 4000-400 cm™.

CioH21 CioH21

\ \

Figure 1. The structure of 4-BP and 2-BP



Int. J. Electrochem. Sci., Vol. 15, 2020 12692

2.2 Preparation of corrosive medium and mild steel specimens

The corrosive medium (1 mol-L* HCI) was prepared by diluting HCI (37%) with distilled water
and used as the control sample. BPSs in the concentration range 1x10°~1x102 mol/L were added to the
1 mol-L* HCI solution. Mild steel (Q235) was used as the working electrode. The specimens used in all
the experiments were manually abraded using SiC paper with the grit size of 400 and 1000 and treated
with a-Al203 polishing powder (0.3 um), washed sequentially with distilled water, ethanol, and acetone,
and then dried at room temperature.

2.3 Weight Loss Measurements

The weight loss test was performed in the corrosive medium with different concentrations of
BPSs according the rule of the ASTM G1-03. The average weight loss of mild steel samples was
expressed by the corrosion rate (CR), and corrosion inhibition efficiency (;) was calculated by the
following equations, where Aw is the mean weight loss, d is the density of mild steel, A is the average
surface area of the specimen, and t is the immersion time. In this study, the average surface area of the
specimen is approximately 23 cm?, the density of mild steel is 7.85 g-cm, and the immersion time is 3
h at different temperatures (298, 308, and 318 K).

CR(mm per year) = 87200XAW(?) (1)
d(g-cm™)x A(cm?) xt(h)
CR-CR,
%)=————1 %100 2
)= —— = )

2.4 Electrochemical Measurements

The electrochemical measurements were performed using an Ivium electrochemical workstation.
A three-electrode system was used: mild steel (1 cm?) as the working electrode, platinum as the counter
electrode, and Ag|AgCI as the reference electrode. The three electrodes were immersed in the test
solution for 0.5 h before the electrochemical test to stabilize the system.

Electrochemical impedance spectroscopy (EIS) was performed with an amplitude of 10 mV and
in the range from 100 kHz to 10 mHz in potentiostatic mode at the OCP. Then, polarization curves were
obtained at a scan rate of 1 mV-s.

The efficiency of BPSs was calculated from the electrochemical test by Eqgs. 3 and 4.

_ 0
7 (%)= RctR R 100 @3)
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where R is the charge transfer resistance with the inhibitor and R% is the charge transfer
resistance without inhibitor, i%orr and icorr are the corrosion current densities with and without inhibitor,
respectively.

2.5 Surface analysis

All specimens used for surface analysis were removed from the corrosive solutions in the
presence and absence of BPSs after 3 h immersion, and their surfaces were vigorously washed using
distilled water and dried under vacuum before use.

The morphologies of the mild steel were determined using a TEDCAN VEGA 3 SBH model
scanning electron microscope and a Bruker MULTIMODE 8 atomic force microscope under ambient
conditions. AFM images were obtained in the tapping mode at a scan rate of 2.5 Hz. The XPS
measurement was performed using a PHI5000-VersaProbe system, with Mg Ka radiation as the
excitation source.

3. RESULTS AND DISCUSSION

3.1 FTIR analysis

To identify the major groups of the BPSs. The FTIR peaks of 4-BP are as follows: 3100 cm?,
3000 cmt [v (Ar-H)], 2915 cm™, 2850 cm ! [v (C-H)], 1957 cm™ (the vibration of conjugated = bond
within the pyridine ring), 1635 cm™ [v (C=N)], 1556 cm™, 1467 cm™ [v (C=C)], 1176 cm™ [v (C-C)];
719 cm™ [(CH2)n, n >4]; for 2-BP: 3106 cm™, 3004 cm™ [v (Ar-H)], 2915 cm™, 2848 cm™ [v (C-H)];
1951 cm! (the vibration of conjugated  bond within the pyridine ring), 1637 cm™ [v (C=N)], 1557 cm-
11466 cm™ [v (C=C)], 1176 cm™ [v (C-C)]; 719 cm™ [(CH2)n, n >4].

Transmittance / %
Transmittance / %

T T T T T T
4000 3000 2000 1000 4000 3000 2000 1000

wavenumber / cm™ wavenumber / cm™

Figure 2. FTIR analysis of 4-BP (a) and 2-BP (b)
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3.2Weight loss test

Table 1. Weight loss data of the carbon steel with inhibitors in 1mol/L HCI at different temperature.

298K 308K 318K

hi T -1

er e ) CRGWMDY ey CROWBY) (L CRammpy) 18

Blank 0 62.4 8.34 - 64.9 8.68 - 66.3 8.86 -
1X10'5 13.5 1.81 78.4 17.2 2.30 76.5 209 2.79 72.8
1X10_4 10.2 1.36 83.7 12.8 1.71 80.3 15.0 2.01 77.4

B 1X10'3 6.34 0.848 89.8 10.1 1.35 84.4 13.1 1.75 80.3
1X10'2 4.13 0.552 934 7.45 0.996 88.1 9.18 1.23 85.7
1)(10'5 14.1 1.89 77.4 18.5 2.47 704 21.2 2.83 68.0
1X10'4 10.8 1.44 82.7 14.3 1.91 77.1 17.6 2.35 73.5

BP 1X10_3 7.59 1.02 87.8 11.2 1.50 82.1 14.2 1.90 78.6
1X10'2 5.23 0.699 91.6 8.52 1.14 86.4 13.5 1.81 84.6

Table 1 shows the dependence of inhibition efficiency () on varying concentrations of BPSs in
the range 1x10°-1x102 mol/L. BPSs displayed good inhibition efficiency. The inhibition efficiency
increased with increasing concentration of BPSs, giving a maximum at 1x10 mol/L and, and a small
change in inhibition efficiency was observed with varying temperature from 298 K to 318 K.

3.3 Impedance measurements

Electrochemical impedance spectroscopy was carried out to establish the adsorption and
inhibition mechanism of BPSs on the mild steel/solution interface. Fig. 3 shows the Nyquist plots for
mild steel at open-circuit potential after an exposure of 0.5 h in 1 mol-L* HCI solution at 298 K. The
Nyquist plots show a depressed capacitive loop, which can be attributed to the charge transfer reaction
and time constant of the electric double layer and to the surface inhomogeneity of structural or interfacial
origin, such as those found in adsorption processes [16,17]. Moreover, these diagrams have a similar
shape, which is maintained throughout all the tested concentrations, indicating that almost no change in
the corrosion mechanism occurs as a result of the inhibitor addition. Furthermore, the diameter of the
shape increased after the addition of organic compounds to the corrosive solution. This increase was
more and more pronounced with increasing inhibitor concentration, indicating that the adsorption of
inhibitor molecules on the metal surface inhibited the dissolution of mild steel [18-20].
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Figure 3. Nyquist plots of mild steel in 1 mol/L HCI solution with different concentrations of 4-BP (a)
and 2-BP (b)

The impedance spectra for the Nyquist plots were analyzed by fitting to the equivalent circuit
model (Fig. 4), describe elsewhere for iron/acid interface.

CPE

R

9

Figure 4. Equivalent circuit for impedance analysis

In Fig. 4, R is the solution resistance, R is the charge transfer resistance and CPE is the constant
phase element. The impedance of the CPE is expressed as follows:
T ©
Y, (jo)

where Yo is the CPE constant, n is the CPE exponent, which can be used as a gauge of the
topoghraphical heterogeneity or roughness of the surface, j? = -1 is an imaginary number, and o is the
angular frequency in rad s. Depending on the value of n, CPE can represent a resistance (Zcpe =R, n =
0); a capacitance (Zcpe = C, n = 1), a Warburg impedance (Zcee = W, n = 0.5) or an inductance (Zcpe =
L, n=-1) [21].

The impedance parameters for mild steel in 1 mol-L™* HCI solution at 298 K are listed in Table

CPE —
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Table 2. EIS parameters of mild steel in 1 mol-L"! HCI containing various concentrations of BPSs

CPE
Inhibitors (m olch'l) © _12;12) 7 (Q.Rcc;nz) (’(Z/];)
(UF-cm?) "
Blank 0 0.7485 446 0.79 9.888 -
1x107° 1.625 150.9 0.78 273.4 96.4
LBP 1x10 1.435 134.6 0.75 584.9 98.3
1x10°3 1.483 122.9 0.76 885.7 98.9
1x107? 1.525 112.2 0.78 1182 99.2
1x1075 1.059 397.5 0.73 378.1 97.4
. 1x10 1.771 320.4 0.76 638.4 98.5
1x1073 1.991 217.5 0.75 912.9 98.9
1x1072 1.393 140.7 0.75 1022 99.0

The data in Table 2 indicate that the Rc: increased with increasing concentration of BPSs, whereas
the values of Yo decreased by increasing inhibitor concentrations, suggesting that the amount of inhibitor
molecules adsorbed on the electrode surface gradually increased and replaced the water molecules at the
film/solution interface, consequently decreasing the active sites necessary for the coupled dissolution
reaction. The maximum values of #r reached 99.2% and 99.0% for 4-BP and 2-BP, respectively.

3.4 Polarization curve measurements

Potentiodynamic polarization curves for mild steel in 1 mol/L HCI solution in the absence and
presence of various concentrations of BPSs at 298 K are shown in Fig. 5.

log i (A/em’)
log i (Alem’)

s — Rlank

——1x10" moliL 54 ——1x107 moliL

—— 110" moliT.
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Figure 5. Polarization curves for the mild steel in 1 mol-L' HCI solution containing various

concentrations of 4-BP (a) and 2-BP (b)

The presence of inhibitors lowers the corrosion current density largely for the anodic branch than
for the cathodic lines, thereby indicating the greater suppression of the anodic dissolution of Fe than the
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cathodic evolution of H2. Moreover, the Ecorr Values in presence of BPSs reveal a small change compared
to that of the blank solution. Therefore, the inhibitor was defined as mixed type [22-24].

The values of corrosion potential (Ecorr), cathodic Tafel slope (Bc), anodic Tafel slope (Ba),
corrosion current density (icorr), and the inhibition efficiency (#) are given in Table 3. Notably, the current
density (icorr), and the cathodic and anodic Tafel slopes were calculated by the Tafel extrapolation
methods. Table 3 clearly shows that the icorr values decrease significantly after adding BPSs, suggesting
that rate of corrosion reaction decreased because of the formation of a protective film of inhibitor on
steel surface and this protective film created a barrier between the metal and corrosive medium.

Table 3. Polarization curve parameters of mild steel in 1 mol-L™! HCI with various concentrations of
BPSs at different temperatures

. C 'Ecorr 'ﬁc icorr n
Inhibitors (mol-L'") (mV) (mV-dec) (LA -cm?) (%)
Blank 0 0.449 178 132
1x107° 0.451 172 141 90.4
1x10* 0.440 163 122 93.9
4-BP 5
1x10 0.448 165 143 97.6
1x1072 0.432 171 155 98.7
1x107° 0.436 174 142 88.7
1x10* 0.442 167 125 92.9
2-BP 5
1x10 0.453 162 132 96.3
1x1072 0.469 163 128 97.7

In the meantime, 5 (%) increases with increasing inhibitor concentration. At 1x102 mol/L"* for
the inhibitors, the inhibition efficiency was 98.7% and 97.7% with 4-BP and 2-BP inhibitors,
respectively. The inhibition properties of the inhibitors obtained from the polarization measurements
also corresponded to those observed by the impedance data.

3.5 Adsorption isotherm study

The adsorption of an organic adsorbate on the surface of metal is regarded as a substitutional
adsorption processes between the organic compound in agueous phase and the water molecule adsorbed
on the electrode surface. The Langmuir adsorption isotherm was found to be the best description of the

adsorption behavior of the studied inhibitor, obeying the following equation [25].
0
—=K_C 6
1_0 ads ( )
where C is the inhibitor concentration, & is the fraction of the surface coverage (obtained from
weight loss data), and Kags is the adsorption constant.
Fig. 6 shows the straight line plot of log(8/1-6) versus log C. The strong correlation suggests that

the adsorption of inhibitor on the metal surface obeyed the Langmuir's adsorption isotherm.
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The high value of the adsorption constant reflects the high adsorption ability of this inhibitor on
mild steel surface [26]; however, the Kags values decreased with increasing temperature, indicating that
the high temperature hampered the adsorption of the inhibitor and the inhibition process becomes less
favorable with increasing temperature. The free energy (AGC%aqs) of the adsorption of the inhibitor on
mild steel surface was evaluated by the following equation [27]:

1 [—AGfdsj
K, = ——exp| —=% (7)
Cho RT

Generally, the values of AG%qs approximately —20 kJ-mol? or higher are consistent with
physisorption, while those around —40 kJ-mol™ or lower involve chemisorptions [28]. Table 4 shows the
negative AGC%gs values of the BPSs, indicating that the adsorption process takes place spontaneously.
The absolute values of AG%qs calculated at different temperatures in the presence of BPSs ranged from
31 to 33 kJ-mol?, suggesting that BPSs adsorbed on the metal surface physically and chemically.

14 1.3
O 1 e ] K. (-mol T(K g creept | K (T.mol

r®)[ R | ercept | K, (T-mol) @ i5 7| & [except] K, T-mol) )
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Figure 6. Adsorption isotherm for 4-BP (a) and 2-BP (b) on the surface of mild steel in 1 mol-L' HCI
at different temperatures

Activation energy was calculated using the following relationship:
Inr=— Es +In A (8)
RT

where r is the corrosion rates. The activation energies obtained by the plots of Inr versus 1/T
(Figure 7), the activation energy can be calculated by the slope, which are given in Table 5. Ea increases
with increasing inhibitor concentration, indicating strong adsorption of inhibitor molecules at the metal
surface. During the corrosion reaction mechanism the charge transfer is blocked with adsorption of BPSs
to the metal surface, increasing the activation energy [29-32].
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Figure 7. Inr versus 1/T plots of 4-BP (a) and 2-BP (b)

The enthalpy of adsorption (AH) is calculated from the equation [33].

©)

The thermodynamic parameters and the entropy (AS) of the BPSs have been calculated from the

AH =E, —RT
relationship:
AG=AH -TAS

(10)

The calculated values of AH and AS over the temperature range 298-318K are also listed in Table
4. The positive value of AH reflects the endothermic nature of mild steel dissolution process, suggesting
slow dissolution of mild steel [34]. The positive value of AS is attributed to the increase in disorder due
to the adsorption of only one inhibitor molecule by desorption of more water molecules [35].

Table 4. The thermodynamic parameters for the corrosion of mild steel in the presence of BPSs

Inhibitors T (K) AH (kJ-mol™) | AS (J'mol"-K") | AG (kJ-mol™)
298 21 178 -32
4-BP 308 20 171 -32
318 20 167 -33
298 22 180 -32
2-BP 308 22 174 -32
318 22 170 -33

Table 5. Activation energy for corrosion of mild steel in the presence of BPSs

C 4-BP 2-BP
(mol-L) slope Ea (kJ-mol™) slope Ea (kJ-mol™)
0 -287.5 2.391 -287.5 2.391
1x10°° -2052 17.06 -1919 15.95
1x10* -1854 15.41 -2324 19.32
1x10°3 -3442 28.62 -2954 24.56
1x107? -3814 31.71 -4508 37.48
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3.6 Surface analysis

The SEM images of the corroded surfaces for steel substrates in 1 mol-L™ HCI solution with and
without inhibitor after 3 h are shown in Fig. 8. The SEM image presented in Fig. 8(b) shows the severely
deteriorated action of corrosive medium where the mild steel surface becomes damaged, porous, and
highly rough covered with a thick porous oxide layer because of severe corrosion. Moreover, a steel
sample treated with BPSs shows a minimum surface degradation, and the striations produced during
polishing are thoroughly covered by a film of the inhibitor. A similar observation was reported [36,37].
Thus, BPSs have an ability to strongly adhere on the top of mild steel surface and protect steel from
further corrosion against corrosion medium.

Al - ks : Al
SEM HV: 20.0 kV WD: 11.98 mm VEGA3 TESCAN SEMHV: 20.0kV |  WD: 20.93 mm VEGA3 TESCAN
SEM MAG: 1.00 kx Det: SE 50 ym SEM MAG: 1.00 kx | Det: SE
SEM MAG: 1.00 kx | Date(m/dly): 04/26/16 NJNU View field: 208 pm  Date(m/d/y): 04/21/19 | NJNU

SEM HV: 200KV WO: 20.53 mm SEM HV: 2008V WO: 26.53 svn
SEM MAG: 1.00 kx Det: SE 50 SEM MAG: 1,00 hx Det: SE 50 pm
View fiold: 208 pm  Date|midy): D421/1% View Sald; 208 g Date|midy): 042119

(©) (d)

Figure 8. SEM images recorded after polished (a) and immersion of samples in 1 mol-L™! HCI solution
in the absence (b) or in the presence of 4-BP (c) and 2-BP (d)

The atomic force microscopy images of the samples are shown in Fig. 9, indicating that the blank
sample shows highly rough surface due to corrosion, whereas the morphology in the presence of 1x1072
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mol/L BPSs is strikingly different. The average roughness of the blank sample surface is 29.1 nm. The
reduction in the average roughness to 4.59 nm and 19.5 nm on mild steel surface exposed to acid solution
in the presence of 1x102 mol/L of BPSs confirms that the presence of inhibitor protects mild steel from
corrosive solution [38-40].

(©)

Figure 9. AFM images recorded after immersing in 1 mol-L! HCI solution in the absence (a) or in the

presence of 4-BP (b) and 2-BP (c)
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Figure 10. XPS analysis of BPSs: 4-BP (a)~(e) and 2-BP (f)~(j)

XPS technique was used to investigate the composition of the organic adsorbed layer on the mild
steel surface in normal hydrochloric medium by BPSs. The results showed that the surface film generally
comprises ferric oxide and carbonaceous organics. In this way, the high-resolution peaks for C 1s, O 1s,
N 1s, and Fe 2p for mild steel surface after 3 h of immersion in 1M HCI solution containing 1x107?
mol/L of BPSs are recorded, as shown in Fig. 10.
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The C 1s spectra of 4-BP and 2-BP show three peaks (287.8, 284.7, and 284.1) and (288.2, 285.5,
and 284.2), respectively. The largest peak can be attributed to the C—C and C=C aromatic bonds with
the characteristic binding energy of 284.1 eV, whereas the peak at 284.2 eV in 2-BP as well. The peaks
at 284.7 or 285.5 eV referred to the C—H, and those at 287.8 or 288.2 eV referred to the C—N and C=N,
respectively [41-43]. The O 1s spectrum envelops were fitted by two peaks. The first peak located at
529.0 eV was attributed to Fe2O3 and/or Fe3sO4 oxides [44]. The second peak located at 530.5 eV (530.8
eV for 2-BP) is attributed to the oxygen in hydrous iron oxides, such as FeEOOH and/or Fe(OH)s [44].
The peaks of the N 1s of the steel sample treated by 4-BP may be fitted into three peaks located at 402.9,
399.1, 397.8 eV corresponding to the quaternary nitrogen (=N*-) atom of the quinolinium ring [45],
coordinated nitrogen atom, and C-N-metal bond [46,47], respectively. In case of 2-BP, these peaks are
observed at 401.3 and 399.2 eV.

The Fe 2p spectra were fitted to two doublets, 711.7 eV or 712.7 (Fe 2p3/2) and 724.3 eV or
724.6 (Fe 2pl/2), with an associated ghost structure. The peak is attributable to the Fe—N, which is
reported to appear at 710.3 eV (711.7 eV for 2-BP) [48,49]. The peak located at 711.7 or 712.7 eV was
assigned to ferric compounds such as FeOOH (i.e., oxyhydroxide), Fe,Os (i.e., Fe** oxide), and/or Fe3Os
(i.e., Fe?*/Fe*" mixed oxide) [50,51]; the peak observed at 718.6 or 718.7 eV may be ascribed to the
satellite of Fe(lll) [48]. Based on the previous observations, the XPS results support the presence of
adsorbed BPSs on the carbon steel surface.

4. CONCLUSION

The conclusions of using 4-BP and 2-BP as the inhibitors of mild steel are as follows.

(1)  The weight loss test and electrochemical results show that the anticorrosion efficiencies
of BPSs increase with increasing inhibitor concentration, decrease with increasing temperature. In
addition, BPSs act as a mixed-type corrosion inhibitor.

(2) The adsorption of BPSs can be described by the Langmuir adsorption isotherm, and the
calculated free energy indicated chemisorption and physisorption nature of the absorption of the
inhibitors on the steel surface.

(3) The surface analyses indicated that the inhibitor molecules adsorbed on the surface of
mild steel to form a protective film, preventing corrosion resulting from the corrosive medium.
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