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Abstract A novel class of quaternary ammonium-based

cationic surfactants is synthesized and characterized via

spectroscopic methods (FTIR, 1H NMR and 13C NMR).

The surface properties, foaming power and biodegrad-

ability of the synthesized cationic surfactants are deter-

mined using the surface tension technique. The

protection performance with their adsorption mecha-

nisms for carbon steel is evaluated in a 15% HCl solu-

tion by a series of techniques including electrochemical

impedance spectroscopy, potentiodynamic polarization

curves, scanning electron microscopy (SEM), X-ray

spectroscopy, and UV–visible spectroscopy. The surfac-

tants are found to be excellent corrosion inhibitors for

carbon steel. The results show that the inhibition effi-

ciencies are increased by increasing the concentration

and the hydrophobic chain length of the tested com-

pounds reaching the maximum at 250 ppm. The poten-

tiodynamic polarization curves suggested that the

inhibitors behave as a mixed type with predominant

cathodic inhibition and the corrosion behavior can be

explained by the adsorption film mechanism. Moreover,

the mode of adsorption obeys the Langmuir adsorption

isotherm; also, the adsorbed layer on the surface of the

metal is approved by using SEM.

Keywords Cationic surfactants � Corrosion inhibition �
Carbon steel � Cyclohexene � EIS � SEM � EDX

Introduction

Carbon steel is widely used in different engineering and

industrial applications, including designs and construction,

where it is deployed in various service environments con-

taining aggressive solutions [1]. In industrial applications,

15% HCl and 20% H2SO4 are employed for scale removal

treatments and chemical and electrochemical etching of

metals [2, 3]. To control the aggressive attack of acid

solution on tubing, casing materials (C steel) and other

metallic surfaces, inhibitors are added to the acid solution

during the acidifying process [4, 5].

The impact of the inhibitor upon the corrosion of metals

is predominantly correlated with chemical or physical

adsorption. This phenomenon is due to the occurrence of

hetero atoms as well as multiple bonds or aromatic rings in

the compound chemical structure [6]. It has been reported

that during the acidizing procedure, a variety of organic

compounds act as corrosion inhibitors for steel, such as

alkenylphenones [7–9], amides, nitrogen-containing hete-

rocycles [10], pyridine and its derivatives or salts, nitriles,

imminium salts, thiourea derivatives, triazoles, quinoline

derivatives, thiosemicarbazide, quaternary salts, thio-

cyanates [11, 12], and surfactants [1, 13–15].

The surfactant inhibitors have many advantages including

a low price, low toxicity, easy production, and high inhibi-

tion efficiency [16]. The majority of cationic surfactants are

based on the nitrogen atom carrying the cationic charge.
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Quaternary ammonium-based cationic surfactants are con-

sidered as having the most potential for corrosion control,

especially on the carbon steel materials in acidic media [17].

Different quaternary ammonium salts have been studied,

such as 3-methylbenzo[d]thiazol-3-ium bromide [18],

cetylpyridinium chloride (CPC) [19], cetyl trimethyl

ammonium bromide [20], and decyldimethylisopropylam-

monium-hydroxide [21]. The corrosion resisting property of

the metal can be markedly changed by the adsorption of the

surfactant on the electrode surface. Therefore, the study of

the relationship between adsorption and the corrosion inhi-

bition is of great significance [22–24]. The corrosion inhi-

bition of Fe (purity 99.5%) by some 2-(alkyl

dimethylamonio) butanol bromide surfactants (n = 11–15)

was investigated by Elachouri et al. [25]. They found that the

inhibition efficiency was directly proportional to the number

of carbon atoms in the side chain and to the surfactant con-

centration. Hamitouche et al. [26] synthesized quaternary

ammonium surfactant mixtures based on a petroleum frac-

tion and tested them as corrosion inhibitors for carbon steel in

1.0 M HCl at 25 �C. The results showed that these surfac-

tants are effective in preventing corrosion and their inhibi-

tion efficiency improved with increasing surfactant dose (its

optimal value of 70% was for a surfactant concentration of

320 ppm).

In this study, new water-soluble quaternary ammonium-

based cationic surfactants were synthesized and their

chemical configurations were elucidated and confirmed

using different analytical tools including Fourier transform

infrared (FTIR) analysis, and 1H and 13C nuclear magnetic

resonance (NMR). The inhibition performance of synthe-

sized surfactants on carbon steel pipelines in 15% HCl

solution was examined. The study is carried out through

potentiodynamic polarization curves and electrochemical

impedance spectroscopy (EIS) methods. The thermody-

namic parameters of adsorption of the inhibitor are calcu-

lated to clarify how the inhibitor works. The surfaces of the

samples after immersion tests are analyzed by scanning

electron microscopy with energy dispersive X-ray analysis

(SEM/EDX).

Experimental Techniques

Materials

Octadecyl, hexadecyl and dodecylamines were obtained

from Across Chemical Company (UK). O-chloroben-

zaldehyde and acetylacetone were purchased from Sigma-

Aldrich Pvt. Ltd., India. Absolute ethanol and triethy-

lamine were purchased from El Goumhoria Trade Phar-

maceuticals and Chemicals Company, Cairo, Egypt, while

dimethyl sulphate, diethyl ether and tetrahydrofuran were

obtained from M/s S.D. Fine Chemicals Pvt., Ltd., India

with the highest purity available and were used without any

further treatment.

The cylindrical carbon steel of type C1018 which was

used in this study has the following chemical composition

(wt.%): C 0.17%, Si 0.17%, Ni 0.01%, Mn 0.70%, S

0.03%, Cr 0.01% and the rest is Fe.

The testing media, aqueous aerated 15% HCl, was pre-

pared by dilution of 37% HCl (analytical grade) with

doubly distilled water. The concentration of the synthe-

sized surfactant inhibitors which were used ranged from 50

to 250 ppm by weight. All solutions were prepared using

bi-distilled water.

Instrumentation

Melting points of obtained compounds were determined

using a GallenKamp instrument. NMR spectra were mea-

sured and recorded in the Central Lab., Chemistry

Department, Faculty of Science, Sohag University at 25 �C
on a multinuclear FT-NMR spectrometer Bruker ARX400

at 400.1 (1H) and 100.6 (13C and dept) MHz. The 1H and
13C NMR chemical shifts d are given in ppm. The FTIR

spectrum is recorded in KBr on a thermo Nicolet iS10

FTIR spectrophotometer. The surface tension of aqueous

solutions was measured by a Tensiometer – K6 processor

(KRÜSS company, Germany) using the ring method, and

each sample result was determined from the average of

three measurements.

Synthesis of the Quaternary Ammonium Surfactants

(3a–c)

The synthesis of target cationic surfactants was performed

in two main steps as shown in Fig. 1.

Synthesis of Cyclohexene Derivatives Based on Fatty

Amines by Conventional Heat

A solution of 20 mol of fatty amines was added to a heated

mixture of 60 mol of acetylacetone and 20 mol of

O-chlorobenzaldehyde in 50 ml of ethanol in the presence

of two drops of triethylamine as a base catalyst. The

reaction mixture was refluxed for 4–5 h at 90 �C and left to

cool down to room temperature. A precipitate was

obtained, filtered and washed with cold ethanol. The solid

products were recrystallized from ethanol to afford the

products 2a–c.

Synthesis of Novel Cationic Surfactants (3a, 3b and 3c)

In a single-neck flask, 20 mol of the synthesized cyclo-

hexenes derivatives 2a–c were reacted separately with
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60 mol of dimethyl sulphate in tetrahydrofuran as a solvent

for 48 h at room temperature. Solid products were

obtained, filtered, recrystallized from diethyl ether and

dried to afford the required cationic surfactants 3a–c. The

chemical structure of the synthesized compounds was

established by FTIR, 1H and 13C NMR spectra.

Electrochemical Measurements

All the corrosion measurements under unstirred conditions

were recorded using Versa STAT4 potentiostat/galvanostat

in a three-electrode conventional electrolytic cell consisted

of: C1018 carbon steel with a diameter of 0.5 cm, length of

3.0 cm, 4.55 cm2 of exposed area as the working electrode

(WE), a saturated calomel electrode (SCE) as the reference

and a platinum wire as a counter electrode. The polariza-

tion studies were carried out at potential range

of ± 250 mV with respect to the open circuit potential

(Ecorr) and at a sweep rate of 1.0 mV s-1.

EIS measurements were performed with a phase-sensi-

tive amplifier (model 5208) driven through a poten-

tiostat/galvano stat Versa STAT4 with a frequency

response analyzer (FRA) connected with a computer con-

trol. EIS was carried out at Ecorr after 60 min of immersion

in a frequency range of 10 kHz–0.5 Hz by applying 10

steps per frequency decade. The impedance parameters

were calculated from the EIS measurements by fitting the

obtained results to the equivalent circuit model using the fit

and simulation tool of the Z-View software. It is well-

known that the corrosion rate of carbon steel depends on

temperature, whereas the largest value was recorded at

50 �C [27]. Therefore, in order to accurately estimate the

inhibition performance of the synthesized surfactants on

carbon steel substrate in 15% HCl solution, all the exper-

iments were performed at 50 �C.

Surface Tension Measurements

The surface tension measurements were performed for

different aqueous solutions of the synthesized cationic

surfactants in water and 15% HCl at 30 �C. The prepared

solutions were poured into clean Teflon containers and left

for 1 h to allow stabilization and complete adsorption at the

solution surface. The values of surface tension were mea-

sured a minimum of three times and the recorded values

were taken as the average of these values. The critical

micelle concentration (CMC) and some surface indices

were calculated.

Foaming Power and Biodegradability

Measurements of foam power were done after shaking

100 mL of 0.1% concentration of the synthesized cationic

surfactant solution vigorously in a closed, graduated,

250-mL cylinder at 30 �C. Foam formation was measured

by the foam height (in ml) initially produced, and foam

stability was recorded by the time [28]. The biodegrad-

ability was measured according to the previous work [29].

UV–Visible Spectroscopy

The UV–visible spectrophotometric measurements were

achieved via a JASCO UV–visible spectrophotometer and

a 10-mm matched silica cell.

Surface Characterization by SEM, EDX and FTIR

In order to observe any changes in surface morphologies of

the carbon steel samples after testing, the specimens were

first immersed in 15% HCl solution with and without

250 ppm of investigated surfactants for 2 days, then

washed with bi-distilled water and acetone, and dried with

cool air. The morphology of the surface of tested samples

was observed by using SEM with a 3.0-kV operating

voltage equipped with an EDX detector (JEOL, model

5300). Moreover, the specimens were taken out and dried.

Then, the nature of the film formed on the metal surface

was analyzed by FTIR.

Results and discussion

Spectroscopic Analysis of the Prepared Compounds

The spectroscopic data of the prepared compounds are

shown as follows:

5-N-(dodecyl)amino-2,4-diacetyl-1-methyl-3-(2-

chlorophenyl)-4-cyclohexen-1-ol [2a]

Darkish red color, semisolid, yield = 87%. FTIR (KBr

pellet, cm-1): 3110–3343(OH), 3210 (NH), 3039 (C–H

arom.) 2952, 2930, and 2856 (C–H, aliphatic fatty chain),

1707(C=O), and 1589 (C=C arom.; supporting data,

Fig. S1a).
1H NMR (400 MHz) d (ppm; DMSO-d6): 0.98 (t, 3H,

CH3–CH2–), 1.13 (s, 3H, CH3–C–OH), 1.24 (s, 20 H,

(CH2)10–), 1.50 (t, 2H, CH2–NH), 2 (s, 6H, 2CH3–C=O),

2.64 (d, 1H, CH-C=O cyclic), 3.33 (s, 2H, CH2 cyclic),

4.23 (d, J = 8 Hz, 1H, CH-Ar cyclic), 4.51 (s, 1H, C–OH),

7.18–7.48 (m, J = 8 Hz, 4H, CH arom.), 11.58 (broad, 1H,

NH; supporting data, Fig. S1b).
13C NMR (100 MHz) d (ppm; DMSO-d6): 14.28 [CH3-

alkyl chain], 14.38 [CH–C=O cyclic], 22.55 [–CH–Ar

cyclic], 26.70 [–CH2–CH2NH–], 28.93 (CH3–C–OH),

29.44 [9(–CH2–) alkyl chain], 31.78 [2(CH3–C=O)], 42.26

J Surfact Deterg (2017) 20:735–753 737

123

Author's personal copy



[–CH2–NH], 64.31 [C–OH], 68.21 [CH2–C–OH)], 94.87

[C=C–], 127.83–144.34 [6C, arom.], 163.44 [NH–C=C],

194.13, 196.16 [2C=O] (supporting data, Fig. S1c).

5-N-(hexadecyl)amino-2,4-diacetyl-1-methyl-3-(2-

chlorophenyl)-4-cyclohexen-1-ol [2b]

Yellow color, solid, mp = 101–105 �C, yield = 83%.

FTIR (KBr pellet, cm-1): 3095–3300 (OH), 3250 (NH),

3031 (C–H arom.), 2918 and 2850 (C–H, aliphatic fatty

chain), 1693 (C=O), and 1602 (C=C arom.).
1H NMR (400 MHz) d (ppm; DMSO-d6): 0.86 (t, 3H,

CH3–CH2–), 1.13 (s, 3H, CH3–C–OH), 1.26 (s, 28H,

(CH2)14–), 1.55 (t, 2H, CH2–NH), 1.89 (s, 6H, 2CH3–

C=O), 2.24 (d, 1H, CH–C=O cyclic), 3.21 (s, 2H, CH2

cyclic), 4.48 (d, J = 8 Hz, 1H, CH–Ar cyclic), 5.04 (s, 1H,

C–OH), 7.11–7.77 (m, J = 8 Hz, 4H, CH arom.), 11.78

(broad, 1H, NH; supporting data, Fig. S2a).
13C NMR (100 MHz) d (ppm; DMSO-d6): 14.11 [CH3-

alkyl chain], 23.65 [–CH–C=O cyclic], 27.12 [CH2–

CH3], 27.48 [–CH2–CH2NH–], 29.11 [CH3–C–OH],

29.43 [12(–CH2–) alkyl chain], 32.16 [Ar–CH–C=C],

42.11 [2(CH3–C=O)], 44.24 [CH2–NH], 65.22 [C–OH],

68.11 [CH2–C–OH], 114 [C=C–], 127–130 [6C, arom.],

160.43 [NH–C=C], 194.44, 211.43 [2C=O] (supporting

data, Fig. S2b).

5-N-(1-octadecyl)amino-2,4-diacetyl-1-methyl-3-(2-

chlorophenyl)-4-cyclohexen-1-ol [2c]

White color, solid, mp = 106–112 �C, Yield = 85%.

FTIR (KBr pellet, cm-1): 3100–3200 (OH), 3300 (NH),

Fig. 1 Synthesis procedure of the investigated cationic surfactants (3a, 3b and 3c)
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3039 (C–H arom.), 2952, 2930, and 2856 (C–H, aliphatic

fatty chain), 1703 (C=O), and 1589 (C=C arom.).
1H NMR (400 MHz) d (ppm; DMSO-d6): 0.86 (t, 3H,

CH3–CH2–), 1.13 (s, 3H, CH3–C–OH), 1.24 (s, 32H,

(CH2)16–), 1.51 (t, 2H, CH2–NH), 2.05 (s, 6H, 2CH3–

C=O), 2.51 (d, 1H, CH–C=O cyclic), 3.11 (s, 2H, CH2

cyclic), 4.21 (d, J = 8 Hz, 1H, CH–Ar cyclic), 4.63 (s, 1H,

C–OH), 7.08–7.51 (m, J = 20 Hz,4H, CH arom.), 11.66

(s. br., 1H, NH; supporting data, Fig. S3a).
13C NMR (100 MHz) d (ppm; DMSO-d6): 14.30 [CH3-

alkyl chain], 22.48 [–CH–C=O], 28.59 [CH3–C–OH],

29.11 [–CH2–CH2NH–], 29.43 [15(–CH2–) alkyl chain],

31.99 [–CH–Ar cyclic], 41.02 [2(CH3–C=O)], 43.68 [–

CH2–NH], 66.29 [C–OH], 67.11 [CH2–C–OH)], 103.35

[C=C–], 126.22–130.71 [6C, arom.], 159.81 [NH–C=C],

194.93, 211.12 [2C=O] (supporting data, Fig. S3b).

N-(2,4-diacetyl-1-methyl-3-(2-chlorophenyl)-4-

cyclohexen-1-ol)-N,N,N-dimethyl, dodecyl ammonium salt

[3a]

Darkish violet color, viscous, yield = 85%. FTIR (KBr

pellet, cm-1): 3100–3430 (OH), 3034 (C–H arom.) 2951,

2932, and 2851 (C–H, aliphatic fatty chain), 1703 (C=O),

and 1595 (C=C arom.).
1H NMR (400 MHz) d (ppm; DMSO-d6): 0.58 (t, 6H,

CH3–CH2–), 0.82 (s, 3H, CH3–C–OH), 0.98 (s, 20H,

(CH2)0–), 1.30 (s, 6H, 2CH3–C=O), 1.88 (s, 2H, CH2–

C=C), 2.26 (d, H, CH–Ar), 2.85 (d, 1H, CH–C=O), 2.95 (s,

1H, C–OH), 4.77 [s, 8H, (CH3)2–N?CH2] 7.01–7.66 (m,

4H, CH arom.) and disappear the NH band (supporting

data, Fig. S4a).
13C NMR (100 MHz) d (ppm; DMSO-d6): 14.17[CH3-

alkyl chain], 22.39 [–CH–C=O cyclic], 25.43 [–CH2–

CH3], 26.22 [–CH2–CH2N?–], 28.22 [CH3–C–OH], 29.30

[8(–CH2–) alkyl chain], 31.64 [–CH–Ar cyclic], 46.70

[CH2–C–OH cyclic], 58.10 [(CH3)2–N?–CH2)], 65.24

[C–OH], 96.11 [C=C–], 98 [C=C–], 128–132 [4C, arom.],

198.21 [2C=O] (supporting data, Fig. S4b).

N-(2,4-diacetyl-1-methyl-3-(2-chlorophenyl)-4-

cyclohexen-1-ol)-N,N,N-dimethyl, hexadecyl ammonium

salt [3b]

Darkish red color, viscous, yield = 90%. FTIR (KBr pel-

let, cm-1): 3111–3420 (OH), 3104 (C–H arom.) 2956,

2930, and 2831 (C–H, aliphatic fatty chain), 1707 (C=O),

and 1600 (C=C arom.).
1H NMR (400 MHz) d (ppm; DMSO-d6): 0.67 (t, 6H,

CH3–CH2–), 0.83 (s, 3H, CH3–C–OH), 1.00 [m, 28H,

(CH2)14–], 1.15 (s, 6H, 2CH3–C=O), 1.86 (s, 2H, CH2–

C=C), 2.27 (d, H, CH–C–OH), 2.98 (d, 1H, CH–Ar

cyclic), 3.31 (s, 1H, C–OH), 4.51 (s, 8H, (CH3)2–N?CH2)

7.01–7.50 (m, 4H, CH arom.) and disappear the NH band.
13C NMR (100 MHz) d (ppm; DMSO-d6): 12.16 [CH3-

alkyl chain], 21.40 [–CH–C=O cyclic], 21.43 [–CH2–

CH3], 26.00 [–CH2–CH2N?–], 27.02 (CH3–C–OH), 29.47

[12(–CH2–) alkyl chain], 35.64 [Ar–CH– cyclic], 41.71

[CH2–C–OH cyclic], 59.11 [(CH3)2–N?–CH2)], 66.54 [C–

OH], 96.59 [C=C], 99.11 [C=C–], 127–132 [6C, arom.],

210.21 [2C=O].

N-(2,4-diacetyl-1-methyl-3-(2-chlorophenyl)-4-

cyclohexen-1-ol)-N,N,N-dimethyl, octadecyl ammonium

salt [3c]

Deep orange color, viscous, yield = 92%. FTIR (KBr

pellet, cm-1): 3150–3400 (OH), 3101 (C–H arom.) 2956,

2930, and 2831 (C–H, aliphatic fatty chain), 1701 (C=O),

and 1600 (C=C arom.).
1H NMR (400 MHz) d (ppm; DMSO-d6): 0.62 (t, 6H,

CH3–CH2–), 0.79 (s, 3H, CH3–C–OH), 1.21 [m, 32H,

(CH2)16–], 1.11 (s, 6H, 2CH3–C=O), 1.76 (s, 2H, CH2–

C=C), 2.17 (d, H, CH–C–OH), 2.98 (d, 1H, CH–Ar cyc-

lic), 3.30 (s, 1H, C–OH), 4.01 (s, 8H, (CH3)2–N?CH2)

7.23–7.51 (m, 4H, CH arom.) and disappear the NH band.
13C NMR (100 MHz) d (ppm; DMSO-d6): 11.18 [CH3-

alkyl chain], 20.45 [–CH–C=O cyclic], 25.22 [–CH2–

CH3], 26.63 [–CH2–CH2N?–], 26.02 (CH3–C–OH), 28.46

[14(–CH2–) alkyl chain], 31.64 [–CH–Ar cyclic], 48.71

[CH2–C–OH)], 59.12 [(CH3)2–N?–CH2)], 66.23 [C–OH],

98.23 [C=C], 101.13 [C=C–], 131–135 [6C, arom.], 209.22

[2C=O].

Potentiodynamic Polarization Curves

The cathodic and anodic polarization curves of carbon steel

in the absence and presence of various concentrations of

the synthesized surfactant inhibitors (3a, 3b and 3c) at

50 �C and a scan rate of 1.0 mV/s are depicted in Fig. 2. It

is seen that incorporating of the inhibitor into the corrosive

solution causes a marked decrease in the rate of corrosion,

i.e., shifts the cathodic curves toward more negative

potentials and the anodic curves toward more positive

potentials. This may be due to adsorption of the surfactant

molecule on the metal substrate [30]. The important related

Tafel indices including anodic and cathodic Tafel slopes

(ba, bc), corrosion potential (Ecorr) and the corrosion cur-

rent density (Icorr) were determined from the polarization

plot and are tabulated in Table 1. The Ecorr can be calcu-

lated by extrapolation of the anodic and cathodic Tafel

lines slope [31–33]. The inhibition efficiency (P%) and the

surface coverage (h) were calculated from the following

equations [34]:
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h ¼ ðIcorrÞuninh � ðIcorrÞinh:

ðIcorrÞuninh

ð1Þ

P% ¼ h� 100 ð2Þ

where (Icorr)uninh and (Icorr)inh are the corrosion current

densities in the absence and presence of the surfactant

inhibitors, respectively.

The results in Table 1 show that the presence of inhi-

bitors led to the value of Ecorr shifting towards a more

negative direction, which can be explained by a predomi-

nance of the cathodic reaction inhibition. The investigated

surfactants can be classified as a cathodic or anodic type

inhibitor when the changing in the Ecorr value is greater

than 85 mV [35]. The largest displacements exhibited by

3a, 3b and 3c were 16, 22 and 18 mV, respectively at

50 �C (Table 1), which indicated that these molecules

should be considered a mixed-type inhibitors, meaning that

the addition of cationic surfactants to the investigated acid

solution both decreases the anodic dissolution of steel and

delays the cathodic hydrogen evolution reaction. Figure 2

shows that the cathodic and anodic current density are

directly proportional with concentrations of the surfactant

inhibitors. This behavior can be explained by the adsorp-

tion of the inhibitor molecules on the steel surface, forming

a protective layer.

As shown in Table 1, the corrosion current density (Icorr)

became lower and the inhibition efficiency (P%) increases

with increments of the surfactant concentrations, noting

that these inhibitors served as effective inhibitors for car-

bon steel in the aggressive hydrochloric acid solution. This

can be interpreted based on the adsorption of inhibitor on

the steel substrate and the adsorption process being

strengthened by the increase in the inhibitor concentration.

The inhibition performance of the investigated compounds

was dependent on the inhibitor structure (the length of

hydrophobic chain) and concentration.

Based on Fig. 2 and Table 1, it was found that the

anodic Tafel slope (ba) and cathodic Tafel slope (bc) values

in the blank 15% HCl solutions are higher than those in

presence of the inhibitors. This indicates that the corrosion

reaction has stronger influence in the absence of inhibitors

[36]. This is because the Tafel slopes (ba and bc) of the

studied inhibitors were found to change with surfactant

concentrations. This indicates that these inhibitors affect

both anodic dissolution of steel and hydrogen evolution

reaction [37]. In addition, the values of bc in the absence

and presence of investigated inhibitors are higher than

118 mV/dec. It indicates that the corrosion reaction pro-

ceeded mainly by charge transfer and substance diffusion

[1]. The values of bc show a slight change with increasing

surfactant dose, indicating the influence of these com-

pounds on the kinetics of hydrogen evolution. This may

probably be due to a diffusion or barrier effect [32]. In this

case, the dissolution reaction of iron (Fe ? Fe2? ? 2e-) is

balanced by the cathodic reaction on the adjacent surface

(2H? ? 2e- ? 2Had ? H2). Accordingly, the hydrogen

evolution and mass loss is produced by the reaction

(Fe ? 2H? = Fe2? ? H2) [38].

The data in Table 1 indicate that the values of surface

coverage (h) near unity indicate nearly a whole coverage of

the steel surface with adsorbed inhibitor molecules. Con-

clusively, the high h value is evaluated as a good physical

bulkhead shielding the corroding surface from corrosive

acid solution and decreasing the corrosion rate of steel

dramatically. Finally, it can be concluded that the high

values of P% are related to the high h values of the sur-

factant molecules. It is clear that P% increases with

increase in surfactant dose with the highest value of 89.66,

95.13 and 97.21 for 3a, 3b and 3c, respectively, obtained at

250 ppm of the inhibitors. The order of P% of the inhibi-

tors at various concentrations as given by potentiodynamic

measurements is 3c[ 3b[ 3a. This order will be dis-

cussed later in the corrosion inhibition mechanism.

Electrochemical impedance spectroscopy (EIS)

measurements

The Nyquist plots obtained from the EIS measurements at

an open-circuit potential for carbon steel in 15% HCl

solutions in the absence and presence of different con-

centrations of surfactants (3a, 3b and 3c) are presented in

Fig. 3a–c. It is evident that the curves were described by a

semicircle and a single relaxation process (one time con-

stant), which means the process was mainly controlled by

capacitance; this can be interpreted as the formation of a

protective adsorption film at the steel/solution interface

[39]. The capacitive semicircle is attributed to charge

transfer resistance (Rct) and the double-layer capacitance

(Cdl). The Rct values were measured from the difference in

impedance at higher and lower frequencies [40]. It is

observed from Fig. 3a–c that the semicircles have different

size; the semicircle is small in the case of free acid solution

and the introduction of surfactants to the aggressive med-

ium. The magnitude of the semicircle loops increases as the

inhibitor dose increases; hence, the inhibition performance

is promoted due to the adsorption of surfactant molecules

to the steel substrate [41]. The Nyquist diagrams were fitted

using the Z-view program and the impedance parameters

were calculated from fitting results using the best equiva-

lent electrical circuit which is commonly used. Figure 4

shows the equivalent model circuit used to accurately fit

the obtained results for carbon steel in 15% HCl in the

absence and presence of the investigated inhibitors. In this

circuit, Rs corresponds to solution resistance, Rct
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and (c) 3c compounds
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corresponds to charge transfer resistance and QCPE to the

constant phase elements for the double layer. A similar

equivalent circuit was proposed by Zhang et al. [42] for the

corrosion inhibition of mild steel in HCl solution by qua-

ternary ammonium salt derivatives. The steel/solution

interface does not behave like an ideal capacitor. Other

than this, the constant phase element (QCPE) is replaced a

double layer capacitance (Cdl) to recompense for non-ideal

capacitive response of the interface and to obtain a more

careful fit of the experimental results set [43]. The CPE-

type impedance, QCPE, was calculated from the following

equation [44]:

QCPE ¼ 1

Y0ðJÞn
ð3Þ

where Yo is a proportional factor, x is the angular fre-

quency = 2pf and n is the phase shift, which gives infor-

mation about the degree of non-ideality in capacitive

behavior. For n = 0, QCPE represents a pure resistance, for

n = 1 a capacitance, for n = 0.5 a Warburg impedance

and for n = -1 an inductive. The lower value of n (0.76)

for carbon steel in 15% HCl indicated surface inhomo-

geneity resulted from roughening of the steel surface due to

corrosion. Addition of 3a, 3b and 3c inhibitors (250 ppm)

to the aggressive solution increased the n value from 0.74

to 0.86, 0.89 and 93, respectively, indicating lessening of

surface inhomogeneity due to the adsorption of surfactant

molecules.

Figures S5 and S6 in the supporting data show Bode and

phase angle plots for carbon steel electrode immersed in

15% HCl in the absence and presence of various concen-

trations of inhibitors. As seen from Fig. S5 (supporting

data), Bode plots point to the presence of an equivalent

circuit that contains a single constant phase element in the

steel/medium interface. The linear relationship between

log|Z| vs. log f with a slope (a) near -1 (a = -0.84, -0.86

and -0.89 in the presence of 250 ppm of 3a, 3b and 3c

compounds, respectively) could be associated to the non-

ideal structure of the steel/acid interface. In regard to this

matter, a differential capacitance should be formed at the

interface instead of an ideal capacitor. Figure S6 (sup-

porting data) shows the phase angle plots of the synthe-

sized inhibitors. As we can see, increasing the inhibitor

dose in the studied acid medium results in the phase angle

being closer to 90 degrees, indicating superior inhibitive

behavior due to adsorption of more inhibitor molecules on

the metal surface at higher concentrations [45].

In the case of the EIS, the inhibition efficiency was

determined using charge transfer resistance according to

the following equation [33]:

P% ¼
ðRctÞinh � ðRctð0ÞÞuninh

ðRctÞinh

� 100 ð4Þ

where (Rct)inh and (Rct(0))uninh indicate the values of the

charge transfer resistances in the presence and absence of

inhibitors, respectively. The EIS parameters are listed in

Table 2. It is seen on Table 2 that QCPE values decrease

with increasing the inhibitor concentration, which may be

attributed to increasing the thickness of the metal/solution

interface and/or decreasing the local dielectric constant

[46]. Formation of an inhibitor layer increases with an

increasing concentration of inhibitors, as more surfactant

molecules are adsorbed on the steel surface. Also, the

inhibitor molecules may reduce the capacitance by

Table 1 Polarization parameters for carbon steel in 15% HCl solution at 50 �C with various concentrations of studied surfactants

Compounds Cinh (ppm) by weight Icorr (mAcm-2) -Ecorr (mV vs. SCE) ba/mV (dec-1) -bc (mV dec-1) h P (%)

Blank 0.0 14.71 444 94 178 – –

3a 50 9.34 456 78 150 0.365 36.5

100 6.65 457 75 161 0.547 54.7

150 5.33 459 71 164 0.637 63.7

200 3.79 457 76 142 0.742 74.2

250 1.52 460 80 156 0.896 89.6

3b 50 8.78 459 73 163 0.402 40.2

100 5.97 460 76 157 0.593 59.3

150 4.29 458 71 152 0.707 70.7

200 2.68 466 78 154 0.817 81.7

250 0.71 455 81 156 0.951 95.1

3c 50 8.01 458 76 165 0.455 45.5

100 5.42 457 74 149 0.631 63.1

150 3.74 460 78 157 0.745 74.5

200 2.02 455 72 159 0.862 86.2

250 0.41 464 74 163 0.972 97.2
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50 �C in the absence and

presence of different

concentration of (a) 3a, (b) 3b

and (c) 3c inhibitors

J Surfact Deterg (2017) 20:735–753 743

123

Author's personal copy



increasing the double layer thickness according to the

Helmholtz model [33]:

Q ¼ eeo
d

A ð5Þ

where e, e0, d and A are the dielectric constant of the

protective layer, the permittivity of free space, the thick-

ness of the protective layer and the electrode area,

respectively. Addition of synthesized inhibitors provides

lower Q values, which may be a result of the effective

adsorption of the synthesized inhibitor. As is clear from the

data presented in Table 2, the inhibition efficiency (P%)

and charge transfer resistance (Rct) increase with increasing

inhibitor dose, indicating a reduction in the corrosion rate

of carbon steel. A high-impedance response was obtained

up to 45, 52 and 60 X cm2 in the presence of 50 ppm of 3a,

3b and 3c compounds, respectively, indicating that the

protective film inhibits the corrosion on the carbon steel

surface. These values increased to 231, 468 and

646 X cm2, respectively, with increasing inhibitor con-

centrations to 250 ppm because more inhibitor molecules

adsorbed onto the steel surface and resulted in a barrier

effect. Based on Table 2, the P% values were found to

increase in the following order: 3c[ 3b[ 3a with values

95.5[ 93.7[ 87.3%, respectively. It is worth noting from

Tables 1 and 2 that the inhibition efficiencies obtained

from impedance measurements are comparable and run

parallel with those obtained from potentiodynamic polar-

ization measurements.

Surface-Active Properties of the Synthesized

Cationic Surfactants

In the present study, the surface tension measurements of

the synthesized cationic surfactant were estimated in both

distilled water and 15% HCl to study the adsorption

characteristics at the air/water interface and micellization

of the cationic surfactants in bulk solutions either in

distilled or acidic aqueous solutions. Figure 5a, b repre-

sent the variation of surface tension (c) versus -log C of

the synthesized cationic surfactants 3a–c in water and

15% HCl at 30 �C. The surface tension profile is char-

acterized by two regions. The first one at lower concen-

trations is characterized by continuous decrease of the c
values, indicating the accumulation of the surfactant

molecules at the air/water interface by increasing the

concentration. In the second region, the surface tension

variation is almost stable by increasing the concentration

[47]. Figure 5a shows that the surfactant with longer

hydrophobic chain is easier to be adsorbed at the air/water

interface than self-assemble in solution. So, as the

hydrophobic chain length increases, the CMC value

gradually decreases; this leads to the enhancement of the

hydrophobic interaction between the longer alkyl chains.

Moreover, the values of CMC were reduced in 15% HCl.

These data indicated that the prepared cationic surfactants

are strongly adsorbed at interfaces in 15% HCl solutions.

It is well-known that the micellization, aggregation and

adsorption of surfactants are based on the CMC values,

which were determined in water and 15% HCl aqueous

solution from abrupt changes of the plotted data of sur-

face tension (c) versus the solute concentration (log C;

Fig. 5a, b) and listed in Table 3.

The packing densities of surfactants at the air/water

interface are very important to interpret the surface activ-

ities of various surfactants. So, the surface activity

parameters of 3a–c compounds in water and 15% HCl

aqueous solution at 30 �C are listed in Table 3. The max-

imum surface excess concentration at the air/water inter-

face (Cmax) can be calculated by the Gibbs adsorption

isotherm equation [48–50]:

Cmax ¼ 1

2:303nRT

dc
d logC

� �
T

ð6Þ

where T is the absolute temperature; R is the gas constant;

dc/dlogC is the slop of c vs logC profile at the point CMC;

and n is a constant and depends on the number of species

constituting the surfactant adsorbed at the interface [51].

The minimum area taken by inhibitor molecules at the air/

water interface (Amin) is calculated by using the Eq. (7) [4]:

Amin ¼ 1016

Cmax � NA

ð7Þ

where NA is Avogadro’s constant and Amin is minimum

area per molecule in nm2. The values of Cmax and Amin are

listed in Table 3. It is observed from Table 3 that the

values of Amin in 15% HCl aqueous solution are more than

in water. These data indicate that the prepared cationic

surfactants favor micellization in bulk 15% HCl solution

rather than aqueous solution which may reflect their greater

tendency to be adsorbed at the metal/liquid interface is

greater than at the air/water interface. Increasing the length
Fig. 4 Electrochemical equivalent circuit used for simulation of

impedance spectra
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of the hydrophobic chain resulted in increasing Cmax and

decreasing Amin, through enhancing the hydrophobic

interactions [52]. Also, by using Eq. (8), the higher

adsorption ability of surfactant (PCMC), the surface pres-

sure at CMC, can be determined [52]:

PCMC ¼ c0�cCMC ð8Þ

where c0 is the surface tension of pure solvent and cCMC is

the surface tension of solution at the CMC. The PCMC

value determines the extent to which the surfactant can

reduce the surface tension, and evaluate the extent to which

the surfactant can reduce the surface tension [52]. PCMC

increased with the increase of hydrophobic chain length.

Also, the thermodynamic parameters of adsorption and

micellization of the synthesized cationic surfactants were

calculated according to Gibb’s adsorption equations as

follows [53]:

DG0
mic ¼ RT lnCMC ð9Þ

DG0
ads ¼ DG0

mic � 0:6023pCMCAmin ð10Þ

where c is the adsorption free energy and DG0
mic is

micellization free energy. The properties of the surfac-

tants at the interface and in the bulk of their solutions

depend on the thermodynamic parameters of micellization

and adsorption, which were calculated and listed in

Table 3. The free energies of adsorption and micellization

were represented in negative values; this proves the

spontaneous occurrence of such processes. Also,

depending on the more negative value of the adsorption

energies, these surfactants tend to be adsorbed more

effectively than to be micellized.

The data in Table 3 also show that the CMC values

decreases with increases in the length of the hydrocarbon

chain of the investigated cationic surfactants [54]. It can be

noted that the excellence of the inhibitory action of a

surfactant depends on its CMC value, where the lower

value gives more inhibition action. Based on this view, the

surfactant 3c shows the lowest CMC value (Table 3) and,

hence, it is considered the most effective corrosion inhi-

bitor for carbon steel in 15% HCl solution. This returns to

that compound 3c creates a good hydrophobic physical

barrier to the aggressive ions and this account for its high

inhibition efficiency.

Foaming Power and Biodegradability

Foaming is characterized for anionic and nonionic surfac-

tants and it is one of the most important properties. Hence,

these surfactants are involved into many home-care for-

mulations. On the other hand, cationic surfactants do not

form significant foam, so they are used for treatment of

fabric and they possess antimicrobial activity. But, in other

cases, especially during the processing, the foam must be

inhibited as it may cause a very serious problem. As shown

in Table 3, the synthesized cationic surfactants have low

tendency toward foam formation, and thus may be used in

a variety of applications such as washing machine laundry

or additives in oilfield applications.

Table 2 Electrochemical impedance parameters for carbon steel in 15% HCl solution in the absence and presence of various concentrations of

surfactant inhibitors at 50 �C

Inhibitors code Cinh (ppm) by weight Rs (X cm2) Rct (X cm2) QCPE (F cm-2 9 10-7) n h P (%)

Absence 0 1.06 29.3 5.43 0.76 – –

3a 50 1.12 45.1 3.53 0.83 0.351 35.1

100 1.17 66.6 2.39 0.82 0.561 56.1

150 1.14 89.3 1.78 0.84 0.672 67.2

200 1.41 124.4 1.28 0.83 0.764 76.4

250 1.62 231.6 0.69 0.86 0.873 87.3

3b 50 1.15 52.2 3.05 0.84 0.438 43.8

100 1.31 74.5 2.13 0.86 0.606 60.6

150 1.36 98.8 1.61 0.88 0.703 70.3

200 1.45 155.7 1.02 0.86 0.812 81.2

250 2.41 468.4 0.34 0.89 0.937 93.7

3c 50 1.29 60.1 2.65 0.86 0.512 51.2

100 1.34 89.6 1.78 0.91 0.673 67.3

150 1.66 120.7 1.32 0.91 0.757 75.7

200 1.90 244.1 0.65 0.92 0.881 88.1

250 3.11 646.3 0.25 0.93 0.955 95.5
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The use of surfactants in agricultural, industrial and

domestic applications leads to the entry of these com-

pounds into terrestrial and aquatic ecosystems. It is seen

from the biodegradation results in the river water via die-

away tests in Table 3 that the biodegradation ratio of all of

the synthesized cationic surfactants ranged from 55 to 75%

after the 15th day of exposure to microorganisms. In the

river water, the results of biodegradation reflected the fact

that lowering of the value of surface tension is a reverse

function of the biodegradation process. From the data in

Table 3, it is noted that the biodegradation extent of dif-

ferent cationic surfactant solutions increases gradually by

increasing the time and length of the hydrophobic chain.

Also, it was found that the presence of a benzene nucleus in

all synthesized cationic surfactants leads to decrease of the

biodegradation values if compared with the other synthe-

sized cationic surfactants [29, 45].
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Adsorption Isotherm and Thermodynamic

Consideration

The adsorption isotherm can yield basic information about

the interaction between the surfactant and the metal sur-

face. The adsorption characteristics of the surfactants were

investigated by fitting the obtained experimental results for

the degrees of surface coverage (h) into various adsorption

isotherms like Temkin, Frumkin, Langmuir, Flory–Hug-

gins, Freundlich, and Bockris–Swinkles isotherms.

According to the data, it can be concluded that the best

description of the adsorption behavior of 3a, 3b and 3c

inhibitors can be described by the Langmuir adsorption

isotherm which is expressed as follows [55]:

Cinh

h
¼ Cinh þ

1

Kads

ð11Þ

where Kads, Cinh and h are the adsorption equilibrium

constant, the inhibitor concentration and the surface cov-

erage, respectively. Figure 6, a plot of Cinh./h vs. Cinh at

323 K, gives a straight line with excellent correlation

coefficients (R[ 0.999; Table 4) and slope near to unity

(1.13, 1.11 and 1.09 for 3a, 3b and 3c, respectively), con-

firming the adsorption of all surfactants on the surface of

carbon steel follows the Langmuir adsorption model. On

the other hand, a slight deviation in slope values from unity

is observed, suggesting interactions among the adsorbed

species on the surface of the metal [56]. The obtained

results indicated that the regression coefficients (R2) values

were very close to unity, which signifies strong adherence

of inhibitors to the metal surface.

The values of Kads calculated from the reciprocal of the

intercept of isotherm lines for carbon steel at 323 K are

listed in Table 4, suggesting that the synthesized inhibitors

are easily and strongly adsorbed on the carbon steel sur-

face. The values of Kads are related to the free energy of

adsorption (DG0
ads) according to equation [57]:

Kads ¼
1

55:5
exp �DG0

ads

RT

� �
; ð12Þ

where R is the gas constant, T is the absolute temperature

and 55.5 is the molar concentration of water. The negative

values of DG0
ads (Table 4) indicate a spontaneous adsorp-

tion of the surfactant on the carbon steel surface by dis-

placement of water molecules from the metal surface by

the inhibitor and formation of a protective film [58].

Generally, the values of DG0
ads up to -20 kJ/mol are

associated with an electrostatic interaction between

charged molecules and charged steel surface, physisorp-

tion, while those of -40 kJ/mol or less are associated with

chemisorption as a result of sharing or transfer of electrons

from the organic molecules to the metal surface to form a

coordinate type of bond (chemisorption) [59]. In the pre-

sent study, the values of DG0
ads at 323 K were -33.67,

-33.72 and -34.73 kJ/mol for inhibitors 3a, 3b and 3c,

respectively. This indicates that the adsorption of the

synthesized surfactants at the surface of carbon steel in

15% HCl solution is not pure physisorption, but it is a

combination of physisorption as well as chemisorption.

The adsorption of the surfactant at cathodic sites of steel

reduces the hydrogen evolution [60]. In addition, the large

size and high molecular weight of the surfactant molecules

highly affect the inhibition efficiency of the inhibitors.

Moreover, the adsorption of quaternary ammonium cations

at the metal surface forms an adsorbed monomolecular

layer by forming a complex on the carbon steel surface.

The adsorbed layers protect the steel surfaces from Cl-

attack to prevent the iron oxidation reaction at the anode

[58].

Surface Analysis by SEM and EDX After 2 days
of Immersion

An SEM micrograph of carbon steel alloy before immer-

sion is shown in Fig. 7a; it can be seen from this figure that

the surface seems smooth and some abrading scratches are

apparent; EDX analysis in Fig. 7b indicated that Fe is the

main constituent in the alloy and the characteristic peaks

are related to the metals which are present in the carbon

steel alloy (Table 5). Figure 7c shows the surface appear-

ance of the carbon steel after immersion in 15% HCl

without inhibitors, displaying a heterogeneous surface with

small pits of different form due to severe corrosion. In this
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Fig. 6 Langmuir adsorption isotherm (Ci/h vs. Ci) fitting of the

obtained from Tafel polarization data for carbon steel in 15% HCl

containing various concentrations of inhibitors at 50 �C
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case, the EDX spectrum (Fig. 7d) described the charac-

teristic signals of Fe, Mn, P, S, Ni and Cr, in addition to

other elements, such as oxygen and Cl. This indicated that

the passive film contained Fe2O3 and/or FeCl3. The

micrograph in Fig. 7e and g show the carbon steel surface

in the presence of 250 ppm of 3a and 3c inhibitors,

respectively. In comparison to the blank morphology

(Fig. 7a), the surface in the presence of inhibitors is much

less damaged and smooth. Among 3a and 3c, the presence

of inhibitor 3c results into a comparatively cleaner and

smoother surface. EDX analysis of carbon steel immersed

in the 15% HCl containing 250 ppm of 3a and 3c com-

pounds in Fig. 7f and h shows the additional peaks,

demonstrating the existence of C and N. In addition, this

figure corroborated the presence of oxygen and chloride in

a lower concentration, which suggested that it decreased

the kinetics of the corrosion reactions. Moreover, the car-

bon signal (which was very small in the blank carbon steel)

was attributed to the presence of 3a and 3c molecules on

the metal surface; the presence of 3a and 3c qualitatively

increased the carbon content from 0.17 to 5.37 and 5.86%,

respectively. Table 5 shows the percentages of the ele-

ments present on the analyzed surfaces with and without

the investigated inhibitors.

Corrosion Inhibition Mechanism

The experimental data demonstrated that the corrosion

inhibition effect of the investigated synthesized surfactants

on steel is dependent on the adsorption of inhibitor mole-

cules on the steel substrate. The surfactant molecule

adsorption on the steel surface can be due to the existence

of lone pairs of electrons, loosely bound electrons, p-

electron clouds and aromaticity. Adsorption of the surfac-

tant molecules on the steel surface can be expressed

according to the following Equation [61]:

Surf:ðsol:Þ þ xH2Oðads:Þ ¼ Surf:ðads:Þ þ xH2Oðsol:Þ ð13Þ

where x is the number of H2O molecules removed from the

steel surface for each surfactant molecule adsorbed.

Adsorption of the surfactant molecules occurs because the

interaction energy between the surfactant molecules and

the steel surface is greater than that between H2O mole-

cules and the steel surface. So, the inhibition effect by

surfactants is attributed to the adsorption of the surfactant

molecules through their functional groups onto the metal

surface. The strength of adsorption depends on the charge

on the functional groups [62]. The charge of the metal

surface can be determined from the potential of zero charge

(EPZC) on the correlative scale (uc) by the equation [63]:

uc ¼ Ecorr�EPZC: ð14Þ

If the EPZC [Ecorr of the metal in a given elec-

trolyte, the metal surface is negatively charged, then the

adsorption of cations will be most likely. For

EPZC \Ecorr, the metal surface is positively charged,

and the adsorption of anions is most likely. From

Table 1, it was observed that the Ecorr of carbon steel in

15% HCl solution with addition of 250 ppm of 3a, 3b

and 3c compounds are -0.460, -0.455 and -0.464 V

(SCE), respectively. Benerijee and Malhotra [64]

reported the EPZC of Fe in HCl solution is -0.530 V

(SCE). Therefore, the values of uc re ?0.070, ?0.075

and ?0.066 V (SCE), so the steel surface acquires a

slightly positive charge. Therefore, in the present con-

ditions, the chloride ions in the solution will first be

adsorbed at the electrode/solution interface at the Ecorr

through electrostatic attraction force due to the excess

positive charge at this interface. After this first

adsorption of chloride ions, the electrode surface will

become negatively charged. The titled inhibitor mole-

cules exist in HCl solution as protonated through –OH,

–C=O– and –N? ions and it is in equilibrium with the

corresponding molecular form. Hence, the positively

charged of cationic forms molecule and positively

charged on –N? ion has been formed an electrostatic

bond with the Cl- ions already adsorbed on carbon

steel surface. Moreover, these molecules are also

adsorbed through direct interaction of the unshared lone

pairs of electrons and p-electron clouds with the vacant

d-orbitals of Fe to inhibit the corrosion [65].

Table 4 Thermodynamic

parameters for the adsorption of

the studied surfactants on

carbon steel electrode in 15%

HCl solution

Inhibitor

code

Slope Regression

coefficients (R2)

Kads (M-1) DGo
ads(kJ mol-1)

3a 1.13 0.99994 6.82 9 104 -33.67

3b 1.11 0.99984 10.52 9 104 -33.72

3c 1.09 0.99992 15.38 9 104 -34.73

cFig. 7 SEM micrograph (a) and EDX analysis (b) of carbon steel

substrate; SEM micrograph (c) and EDX analysis (d) of carbon steel

after immersed for 2 days in 15% HCl; SEM micrograph (e) and EDX

analysis (f) of carbon steel after immersed for 2 days in 15% HCl

with 250 ppm of 3a compound; SEM micrograph (g) and EDX

analysis (h) of carbon steel after immersed for 2 days in 15% HCl

with 250 ppm of 3c compound
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UV–visible absorption spectroscopy was employed to

confirm the possibility of the formation of [Fe(II)–3c]

complex. Figure 8 shows UV/vis absorption spectra

obtained from 15%HCl solution containing 3c molecules

before and after 2 days of carbon steel immersion. From

UV/vis spectra obtained (Fig. 8), one can observe that the

3c compound exhibits one broad maximum at about

450 nm and small one at about 500 nm, corresponding to

the p ? p* and n ? p* transitions, respectively. But, the

[Fe(II)–3c] complex does exhibit one absorption maximum

at about 517 nm. The change in band maximum suggests

the interaction between the inhibitor molecule and Fe(II)

ions in the solution. Abboud et al. [66] has stated that the

change in the absorbance maximum values indicates the

formation of a complex between two species in solution.

The stoichiometry of the complex was determined by

convenient spectrophotometric continuous variation

method (c.f. Fig. S7; supporting data). The results sug-

gested the possible formation of the 1:1 [Fe(II)–3c] com-

plex. The complex formed directly based on donor–

acceptor interactions between the p electrons and free

electrons on the O atom with vacant d orbitals of Fe.

In order to support the fact that the corrosion inhibition

of carbon steel in HCl solution is due to the adsorption of

surfactant molecules on the surface of steel, FTIR spectra

was used. The FTIR spectrum of compound 3c reveals that

the peak at 3150–3400 cm-1 is due to an OH group,

whereas at 1701 cm-1, it is due to the C=O. The C–H

aliphatic fatty chain is seen in the levels of 2956, 2930 and

2831 cm-1. The aromatic C=C stretching frequency is

observed at the level of 1600 cm-1. FTIR spectrum of a

film layer formed on metal surface after immersion in HCl

solution containing 250 ppm 3c compounds for 2 days is

shown in Fig. S8 (supporting data). The C=O stretching

frequency drops from the levels of 1701 and cm-1 to the

level of 1679 cm-1. Furthermore, a new peak at 577 cm-1

is observed due to the Fe–O bond. This suggests that an

electron cloud of C=O is shifted from C=O up to Fe2?,

resulting in formation of [Fe(II)–3c] complex on the metal

surface [67]. The UV and FTIR results support the possi-

bility of the complex formation between Fe2? cation and

surfactant molecule in 15% HCl solution.

We compared our results with the literature data.

Hegazy et al. [30] studied the inhibition behavior of novel

cationic surfactant, namely N,N0-[(oxalyl-

bis(oxy))bis(ethane-2,1-diyl)]bis(N,N-dimethyldodecan-1-

aminium bromide), for carbon steel tubes corrosion in

1.0 M HCl. They found that in the presence of 5 mM of

inhibitor, the inhibition efficiency was 89.02%. Negm et al.

[53] also investigated the inhibition performance of some

new eco-friendly cationic surfactants on carbon steel in

1.0 M HCl using gravimetric and potentiodynamic tech-

niques. They showed that the maximum inhibition effi-

ciencies ranged between 95.09 and 98.53% at 400 ppm.

Moreover, Fouda et al. [68] investigated the inhibition

efficiencies of some cationic surfactants, namely cetyl tri-

methyl ammonium bromide (CTAB) and dodecyl trimethyl

ammonium chloride (DTAC) in 0.5 M HCl. They found

inhibition efficiencies were around 86.5 and 87.1%,

respectively.

The surfactants evaluated in the present study display

superior protective performance as corrosion inhibitors for

the investigated working electrode in 15% HCl even at low

concentrations. The inhibition efficiency of surfactant

compounds follows the order: 3c[ 3b[ 3a. The high

inhibition efficiency of these compounds is attributed to the

occurrence of high electron density from the benzene ring.

Table 5 Percentage atomic contents of elements obtained from EDX spectra

Test Samples Elements (wt.%)

C Si Ni Mn S O Cr Fe N Cl

Before corrosion Carbon steel 0.17 0.17 0.01 0.70 0.03 – 0.01 98.91 – –

After corrosion Carbon steel immersed in 15% HCl 0.15 0.15 0.01 0.52 0.02 32.42 – 45.42 – 21.40

Carbon steel immersed in 15% HCl ? 250 ppm 3a 5.37 0.08 – 0.43 – 12.41 – 71.54 3.41 6.76

Carbon steel immersed in 15% HCl ? 250 ppm 3c 5.86 0.01 – 0.10 – 11.71 – 73.42 3.78 5.12
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The alkyl chains are arranged on the steel surface, pre-

venting contact between the aggressive solution and the

metal surface and leading to a decrease in the carbon steel

dissolution [69]. By increasing the molecular length, the

interaction between metal–medium increased and, hence,

the efficiency of the corrosion increased. Among the

investigated compounds, compound 3c displays higher P%

values, which can be due to the long length of the

hydrophobic chain (n = 17).

Conclusions

From the findings and discussion, the following points can

be emphasized:

1. Three novel quaternary ammonium-based cationic

surfactants have been synthesized, and their chemical

structures were confirmed using FTIR, 1H NMR and
13C NMR spectroscopic methods.

2. The results of surface activities showed that increasing

the hydrophobic chain length in the synthesized

compounds decreases their surface tension and CMC

values. The biodegradation ability of the surfactants

reached the maximum (55 to 75%) within 15 days.

3. The potentiodynamic polarization and EIS results

showed that the studied cationic surfactants are

efficient inhibitors for carbon steel corrosion in 15%

HCl solution. The inhibition efficiencies increase with

the increase of inhibitor dose and reached the maxi-

mum at 250 ppm.

4. The investigated cationic surfactants have a strong

ability to adsorb on the steel/solution interface. The

adsorption of these surfactant inhibitors on the metal

surface obeys the Langmuir isotherm, and the adsorption

free energies (DG0
ads) are around-33 kJ/mol, indicating

the adsorption of inhibitor molecules on the steel surface

involves both physisorption and chemisorption.

5. UV/vis and FTIR results support the possibility of

complex formation between Fe2? cation and surfactant

molecule in 15% HCl solution.

6. The results of SEM demonstrated that the surfactant

molecules formed a good protective film on the carbon

steel surface.
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