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Synthesis and evaluation of novel series of Schiff base cationic
surfactants as corrosion Inhibitors for Carbon Steel in
Acidic/Chloride Media: experimental and theoretical investigations

Abstract

A new family of Schiff base cationic surfactants (CSSB) having various alkyl
chain lengths were prepared and their chemical structure was elucidated by using
different spectroscopic techniques (FTIR, *C-NMR and 'H-NMR). The surface
activity parameters of the prepared surfactants were measured to set the adsorption
and micellization characteristics at water/air interface. The corrosion inhibition
capability of these surfactants was investigated on a carbon steel surface in
3.5%NaCl+ 0.5 M HCI solutions at different temperatures (30-60 °C) by
potentiodynamic polarization and electrochemical impedance spectroscopy
measurements. The results revealed that CSSB compounds inhibited corrosion of
carbon steel in the investigated acidic chloride environment. It was found that the
inhibition efficiency increments with an increase in inhibitor concentrations and
decreases with increasing temperature. Polarization data indicated that the
investigated compounds act as mixed-type inhibitors, and the adsorption isotherm
basically obeys the Langmuir isotherm. The corrosion inhibition mechanism was
discussed based on the potential of zero charge value. An SEM/EDX studies
confirmed that CSSB inhibitors could form films by adsorption on carbon steel

surface. The theoretical predictions exhibit good agreement with empirical results.
Keywords: Carbon steel; Corrosion inhibition; Cationic surfactants; EIS;

Computational details; SEM/EDX.
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1. Introduction

One of the most common, effective and economic methods for protection of
carbon steel and iron alloys against corrosion in different corrosive environments is
the utilization of inhibitors. [1-3]. Carbon steel is widely used as engineering
constructional material in many industrial applications including chemical processing,
marine applications, petroleum production and refining, construction and metal-
processing equipment [4]. A major problem usually limits the applications of carbon
steel in industry, where it suffers corrosion when exposed to aggressive media such as
chloride containing and acid solutions [5]. Therefore, the corrosion inhibition of
carbon steel in acidic solution containing chloride is clearly very essential [6, 7].

Acid inhibitors have many important roles in the industrial processes as
components in cleaning solutions and in pre-treatment composition [8]. Organic
compounds that contain nitrogen, oxygen or sulphur atoms, which can donate lone
pairs of electrons are found to be particularly useful as inhibitors of steel corrosion via
adsorption of the molecules on the metal surface, creating a barrier against
corroding attack [9, 10]. Schiff bases compounds are one of the most widely used
families of organic corrosion inhibitors [11]. In general, they are prepared by the
condensation reaction of carbonyl compounds with primary amines [12, 13]. Several
Schiff bases have recently been investigated as corrosion inhibitors for various metals
and alloys in aqueous media [14-17]. Some research works revealed that the
inhibition efficiency of Schiff bases is much greater than that of corresponding
aldehydes and amines due to the presence of the azomethine group (—C=N-) in the
molecule [18]. Surfactants represent an important class of organic compounds, which
are used widely in industry especially as corrosion inhibitors for metals in different

acidic solutions [2, 3, 19-21]. The surfactant inhibitors have many advantages such as
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low price, low toxicity, easy production and high inhibition efficiency [22, 23]. The
most important action of inhibition is the adsorption of the surfactant functional group
onto the metal surface. In acidic chloride solutions, the presence of CI ion either as a
counter ion or in solution, it helps to increase the extent of adsorption due to the well-
known synergistic effects [24].

Recently, the effectiveness of an inhibitor molecule has been related to its
spatial as well as electronic structure [25, 26]. Quantum chemical calculations have
become an effective tool for investigating these parameters and are able to provide
insight into the inhibitor—surface interaction.

The search for new, more efficient, more specific eco-surfactants compounds
represents a major challenge and is of great interest in the area of environmental
treatment. In the present study, some novel cationic surfactants contain Schiff base
group was synthesized. The surface activity of the prepared surfactants was measured
using surface tension. The inhibition performance of the investigated surfactants
towards carbon steel in 3.5%NaCl +0.5 M HCI solution at different temperatures (30-
60 °C) was evaluated by potentiodynamic polarization and electrochemical impedance
spectroscopy (EIS) methods. SEM/EDX observations of the metal surface were
performed in the absence and presence of the synthesized surfactants. Also, the
correlations between the inhibition efficiency of the prepared inhibitors for the carbon

steel corrosion and some quantum parameters have been discussed.
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2. Experimental methods

2.1. Materials

Carbon steel (C steel) specimens of the composition C 0.17 %, Ni 0.01%, Si
0.17%, S 0.03%, Mn 0.70%, Cr 0.01% and the remaining % of Fe were chosen for the
present study. The cylindrical shaped of C steel specimens has a diameter of 0.5 cm,
length of 3.0 cm and 4.55 cm” exposed area to fluid.

The corrosive medium 3.5%NaCl +0.5 M HCI (pH=1.21), 3.5% NaCl (E. Merck),
was prepared by dissolving of analytical grade NaCl in deionized water. Appropriate
volume (0.5 M) of the acid was added to NaCl solution. The CSSB inhibitors are
added to the 3.5%NaCl +0.5 M HCI at concentrations of 25, 50, 75, 100, 150 ppm by
weight. All the CSSB inhibitors are soluble in bidistilled water.

Decyl (98%), tetradecyl (98%), and hexadecyl (97%), alcohols were obtained
from M/s S.D. Fine chemicals Pvt. Ltd, India. Salicylaldehyde (97%), and
tetrahydrofuran (99%), were purchased from AL-Nasr Chemical Company. 3-(N, N
Dimethylamino)-1-propylamine (99%), was obtained from Acros organics Company
(Belgium) and used without further purification. Solvents (ethyl alcohol absolute
(99%), and diethyl ether (99%),) are high grade and purchased from Algomhoria
Chemical Co., Cairo, Egypt. All the solvent and reagents were used as received
without further purification.

2.2. Instrumentation

The chemical structure of the synthesized compounds was elucidated by:
e Melting points of obtained compounds were determined by gallen Kamp.
e The FT-IR spectrum was recorded in KBr on a thermo nicolet iS10 FTIR

spectrophotometer.
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e The '"H-NMR (400 MHz) and *C-NMR (75 MHz) spectra were measured in
DMSO-d6 using FT-IR-ALPHA-BRUKER-Platinum-ATR.
e Tensiometer- K6 processor (kriiss company, Germany) using the ring method.

2.3. Synthesis of the Schiff base cationic surfactants (CSSB)

The general synthesis procedure of the target CSSB compounds consists of
three steps, as shown in Fig. 1.

2.3.1. Synthesis of 2-chloroacetate derivatives (Ia-c)

Decyl, Myrestyl and cetyl alcohols (20 mmol) and chloroacetic acid (20 mmol)
were esterified separately in the presence of benzene as a solvent and 0.01% p-toluene
sulphonic acid as a catalyst, until the azeotropic amount of water (0.1 mol, 0.37 ml) was
removed. Vacuum rotary evaporator used to remove the solvent. The excess residual
materials were removed by means of vacuum distillation; all the synthesized
compounds were well characterized with FT-IR and "H-NMR analysis.

[Ic] Hexadecyl-2-chloroacetate (CH3(CH>);1,CH,-OCOCH,CI)

White color, solid, mp = 50 °C, Yield = 85 %. FT-IR (KBr pellet) cm™ = 2954,
2921, and 2851 (C—H, aliphatic fatty chain), 1749 (ester band), and 1213 (C-O-C band).
("H-NMR-300 MHz) d ppm: 0.95 (t, 3H, CH;-CH»-), 1.28 (s, 26H, (CH;)13-), 1.68 (p,
2H, CH,CH,0), 4.06 (s, 2H, CH,-Cl), 4.2 (t, 2H, CH,-O).

2.3.2. Synthesis of Schiff base compound (11)

In a single-neck flask, 10 mmol of salicylaldehyde was condensed with 10 mmol
of 3-(N, N-dimethylamino)-1-propyl amine in the presence of 150 mL ethanol as a
solvent. The reaction mixture was refluxed for 5-6 h at 90 °C and left to cool down at
room temperature. A viscous liquid will be formed and recrystallized from ethanol and
dried under a vacuum at 40 °C to obtain the Schiff base compounds. The synthesized

compound was confirmed by IR-spectra, which showed a broad band at 3250-3445 cm’!
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(OH group), 3021 and 3045 cm™ (C-H aromatic) and 1633 cm™ (CH=N), also showed
the disappearance of carbonyl band and —-NH, band.
2.3.3. Synthesis of Schiff base cationic surfactants (CSSB)

The synthesized Schiff base compounds (10 mmol) were separately reacted
with 10 mmol of decyl-, tetradecyl- and hexadecyl-2-chloroacetate individually for 20
h under stirring at room temperature in the presence of nonpolar solvent. The obtained
solid product was recrystallized from diethylether and dried under a vacuum at 40 °C
to afford the required Schiff base cationic surfactants. The chemical structure of the
synthesized compounds was established by IR, 'H- and *C-NMR spectra.

2.4. Electrochemical studies

The electrochemical measurements were conducted in a typical three-
compartment glass cell; CS specimens served as working electrode while platinum
sheet and a saturated calomel electrode (SCE) were used as auxiliary and reference
electrodes, respectively. The auxiliary electrode was separated from the working
electrode compartment by fritted glass. Versa STAT4 potentiostat/galvanostat was
used in these investigations. To obtain steady state open circuit potential the
electrodes were immersed in tested solution for 50 min before starting the
measurements. All experiments were conducted at different temperatures (30-60 °C).
Potentiodynamic polarization (PDP) curves were obtained by changing the electrode
potential automatically from -250 to +250 mV with respect to open circuit potential
(Ecor) at a scan rate of 1 mV s”. Electrochemical impedance spectroscopy (EIS)
measurements were carried out at E ., potential at the range from 100 kHz to 0.5 Hz
at amplitude of 10 mV. The impedance diagrams are given in Nyquist, Bode and
phase angle representation.

The polarization and impedance parameters such as corrosion current (Jeorr),

corrosion potential (E.or), anodic Tafel slope (f,), cathodic Tafel slope (5;), double
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layer capacitance (Cq) and polarization resistance (R,), were computed from the
polarization curves and Nyquist plots [27].

The inhibition efficiency (Pppp) and surface coverage (#) values were
calculated from potentiodynamic polarization curves using the Eq. (1) [17],

']corr(i)
P, =|1-=<"9 15100 = 9x100 (1)

corr
where Jeorr and Jeory are the corrosion current densities in the absence and presence of
the titled inhibitors.

The corrosion rate (CR) is calculated using the following equation [28]:

3270x M x J
CR(mmpy) = I E o 2)

where J o i the corrosion current density in A cm™, the constant 3270 represents the
unit of corrosion rate, M is atomic mass of the metal (55.85), d is the density of the
corroding material (7.74 g cm™), and E = Number of electrons transferred per metal
atom (= 2).

From EIS measurements the double layer capacitance (Cq) and the inhibition

efficiency (Pgs) values were calculated from the following relations [18],

C, =Y (0,)" 3)

R, —R
P, = (M] x 100 @
p(i)

where w,=27 fimax, represents the angular frequency at the maximum value of the
imaginary part, Yo is the CPE constant and » is the phase shift. Ry, R, are
uninhibited and inhibited polarization resistances values, respectively.

Potentiodynamic polarization and electrochemical impedance spectroscopy
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measurements were repeated three times and observed that they were highly
reproducible.

2.5. Surface tension and electrical conductivity measurements

At 30 °C, the surface tension measurements of aqueous solutions for the
synthesized schiff base cationic surfactants were made using a Du Nouy Tensiometer
(Kriiss K6 tensiometer). The surface tension of pure water was initially obtained for
each experiment for instrument calibration (72 mN/m). The platinum ring was cleaned
several times by distilled water before each measurement. The apparent surface
tension values were measured a minimum of 3 times for each sample within 2 min
interval between each reading and the recorded values were taken as the average of
these values [29]. The critical micelle concentration (CMC) and surface parameters
were calculated.

The electrical conductivity (K) of various solutions concentrations of
synthesized surfactants were determined by an electrical conductivity meter (Type
AD3000; EC/TDS and Temperature meter) at 30 °C.

2.6. Biodegradation Test

The test of biodegradability of prepared Schiff base cationic surfactants
(CSSB-10, CSSB-14, and CSSB-16) in river water was carried out via the surface
tension method (Du Nouy Tensiometer (Kriiss K6 tensiometer) using a platinum ring
[30]. Each cationic surfactant will be dissolved in river water to a concentration of
100 ppm and saved at 30 °C. A sample was taken daily (for 15 day), filtered and the
value of surface tension was recorded. The biodegradation percentage (D, %) was

calculated using Eq. [30]:

D%=2"20 4100 )
Ve =70

where y is the surface tension at time zero, j; is the surface tension at time ¢ and py; is

the surface tension of river water without addition of surfactants at time ¢.



RSC Advances

2.7. SEM-EDX analysis

The surface morphology of the corroded and inhibited species of C steel was
investigated by using scanning electron microscopy (JEOL, model 5300) equipped
with energy-dispersive X-ray spectroscopy system. The images were taken after
immersing the samples for 72 hours at 60 °C in 3.5% NaCl+0.5M HCI in the absence
and presence of 150 ppm of CSSB-16 inhibitor.

2. 8. Computational details

Theoretical calculations were performed using Gaussian 09 program package
[31] at B3LYP/6-31G (d, p) level of theory [32]. Some of electronic indices such as
energy of the lowest unoccupied molecular orbital (Erumo), energy of the highest
occupied molecular orbital (Enomo), chemical hardness (7), softness (o), energy gap
(AE), electronic chemical potential (pi), electron affinity (E4), electronegativity (Ex),
electronic chemical potential (Ecp) and dipole moment (u) of the investigated Schiff

base cationic surfactants were calculated.

<<Figure 1>>

3. Results and discussion

3.1. Spectroscopic analysis of the CSSB compounds

The spectroscopic data obtained from analysis of the CSSB compounds are as
follows:
3.1.1.3-((2-hydroxybenzylidene)amino)-N,N-dimethyl-N-(2-0xo0-2-(decyloxy)ethyl)

propan-1- ammonium chloride [CSSB-10]
Recrystallized from diethyl ether, yellow color, solid, mp =84 °C, Yield =92
%. FT-IR (KBr pellet) em™ 3250-3428(OH), 3019-3051(C-H aromatic), 2954 and
2852 (C—H, aliphatic fatty chain), 1752 (C=0 of ester), and 1632 (imine group, -

CH=N) (supporting information, Fig.S1a).

10
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'H-NMR-400 MHz (DMSO-d¢) d ppm: 0.95(t, 3H, CH3-CH,-), 1.42(s, 14H,
(CH,);-), 1.64(m, 2H, CH,-CH,-0), 2.21(t, 2H, CH,CH,-N), 3.32(t, 2H, CH,-N"),
3.31(s, 6H, 2CH3-N"), 3.73(t, 2H, CH,-N=CH), 4.34(t, 2H, CH,-0O), 4.55(t, 2H,
CH,-CO), 6.95-7.68(m, 4H, aromatic CH), 8.71(s, 1H, CH=N), 13.13(s, 1H, OH)
(supporting information, Fig.S1b).

BC-NMR-400 MHz, 3¢ (ppm) (DMSO): 14.12 [CH3-CH,], 22.25[-CH,-CH,-
N], 23.22[CH,-CH3], 26.58[-CH,-CH,CH,0], 28.31[-CH,-CH,0], 30.26 [4(-CH,-)
alkyl chain], 31.21[CH,-CH,CHs], 51.31[2CH3-N"], 53.62[CH,-N], 61.27[CH,-
C=0], 63.45[CH,-N"], 67.29[CH,-0], 116-139[5C, aromatic carbons], 160[CH=N-],
166.33 [CH=C-OH, aromatic carbon], 169.32[C=0, carbonyl carbon] (supporting
information, Fig.S1c).
3.1.2.3-((2-hydroxybenzylidene)amino)-N, N-dimethyl-N-(2-0xo-2-(tetradecyloxy)

ethyl) propan-1-ammonium chloride [CSSB-14]

Recrystallized from diethylether, Yellow color, solid, mp =92°C, Yield =90 %.
FT-IR (KBr pellet) cm” 3300-3425(0H), 3023-3043(C-H aromatic), 2916 and 2851
(C-H, aliphatic fatty chain), 1752 (C=0O of ester), and 1633 (imine group, CH=N)
(supporting information, Fig. S2a).

'H-NMR-400 MHz (DMSO-ds) d ppm: 0.91(t, 3H, CH3-CH,-), 1.3(s, 22H,
(CHy)11-), 1.6(m, 2H, CH,-CH,-0O), 2.1(t, 2H, CH,CH,-N), 3.2(t, 2H, CH,-N"),
3.3(s, 6H, 2CH3-N"), 3.7(t, 2H, CH,-N=CH), 4.2(t, 2H, CH,-0), 4.5(t, 2H, CH,-
CO), 6.93-7.5(m, 4H, aromatic CH), 8.63(s, 1H, CH=N), 13.01(s, 1H, OH)
(supporting information, Fig. S2b).

BC-NMR-400 MHz, 8¢ (ppm) (DMSO): 14.11 [CH3-CH,], 22.23[-CH,-CH>-N],
23.12[CH,-CH3], 26.48[-CH,-CH,CH,0], 28.11[-CH,-CH,0], 30.20 [8(-CH,-) alkyl
chain], 31.21[CH,-CH,CH;], 51.11[2CH3-N"], 53.21[CH,-N], 61.14[CH,-C=0],

63.22[CH,-N"], 67.16[CH,-0], 116-134[5C, aromatic carbons], 160[CH=N-], 165.23

11
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[CH=C-OH, aromatic carbon], 168.22 [C=0, carbonyl carbon] (supporting

information, Fig. S2¢).

3.1.3.3-((2-hydroxybenzylidene)amino)-N, N-dimethyl-N-(2-0xo0-2-(hexadecyloxy)
ethyl)propan-1-ammonium chloride [CSSB-16]

Recrystallized from tetrahydrofuran, yellow color, solid, mp =102°C, Yield
=89 %. FT-IR (KBr pellet) cm™ 3250-3427(OH), 3025-3051(C-H aromatic), 2922
and 2852 (C-H, aliphatic fatty chain), 1753 (C=0 of ester), and 1633 (imine group,
CH=N) (cf. Fig. 2a).

'H-NMR-400 MHz (DMSO-dg) d ppm: 0.92 (t, 3H, CHs-CH,-), 1.4(s, 26H,
(CH,)s3-), 1.61(m, 2H, CH,-CH,-0), 2.11(t, 2H, CH,CH,-N), 3.12(t, 2H, CH,-N"),
3.33(s, 6H, 2CH;3-N"), 3.72(t, 2H, CH,-N=CH), 4.32(t, 2H, CH,-0O), 4.45(t, 2H,
CH,-CO), 6.90-7.65(m, 4H, aromatic CH), 8.73(s, 1H, CH=N), 13.03(s, 1H, OH)
(cf. Fig. 2b).

PC-NMR-400 MHz, 8¢ (ppm) (DMSO): 14.13 [CH3-CH,], 22.25[-CH,-CH,-N],
23.22 [CH,-CH3], 26.58[-CH,-CH,CH,O], 28.31[-CH,-CH,0], 30.26 [11(-CH,-)
alkyl chain], 31.23[CH,-CH,CHs], 51.41[2CH3-N"], 53.61[CH,-N], 61.24[CH,-
C=0], 63.42[CH,-N"], 67.26[CH,-0], 117-137[5C, aromatic carbons], 160[CH=N-],

166.13 [CH=C-OH, aromatic carbon], 169.12[C=0, carbonyl carbon] (cf. Fig. 2¢).

<<Figure 2>>

3.2. Surface-active properties and electrical conductivity measurements

3.2.1. Critical Micelle Concentration

The values of critical micelle concentration of the synthesized Schiff base
cationic surfactants have been obtained graphically via plotting the surface tension (y)
of the prepared surfactants versus their bulk concentrations in mol/l at 30 °C. The

plots of y versus log C show a break at a concentration corresponding to the CMC of

12
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the three cationic surfactants. From Fig. 3a, the value of CMC and the surface tension
at the CMC (ycmc) are listed in Table 1. It can be found that the CMC values of
prepared Schiff base cationic surfactants decrease by increasing the hydrophobic
chain length (Fig. 3 Inset); this can be attributed to increasing the hydrophobicity and
decreasing the solubility of the prepared compounds, so the free energy of system
increase, this lead to the surfactant molecules aggregate into micelles, so the
hydrophilic group is directed toward the solvent while the hydrophobic chain is
directed toward the interior of micelle in a way to avoid energetically unfavorable
contact with the aqueous media, thereby reducing the free energy of system.
Therefore, by increasing the hydrophobic chain length, the tendency of surfactant
molecule to form micelle raises thus CMC decreased as shown in Fig. 3 Inset.

The measurements of specific conductivity (K) were performed for the
synthesized Schiff base cationic surfactants at certain temperature (30 °C) in order to
evaluate the CMC and the degree of counter ion dissociation, a. From Fig. 3b, the
degree of counter ion dissociation (&) obtained from the ratio of the slopes above and
below the break indicative of the CMC were calculated and listed in Table 1.
Normally, the degree of counter ion binding (f) and the degree of counter ion
dissociation have the following relationship: f=1-a [33]. The g is an important
parameter since it is the expression of how many counter ions are contained in the
Stern layer to counterbalance the electrostatic force that opposes to the micelle
formation [34]. All the values of a and f are listed in Table 1, it noted that £ values
decrease and a values increase with increasing hydrophobic alkyl chain length at the
certain temperature [35]. Also the values of CMC have been determined using

electrical conductivity, were agreed with those obtained using surface tension.

13
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3.2.2. Effectiveness
The values of surface tension (ycmc) at CMC were used to calculate the values
of surface pressure (effectiveness), using the following expression:

Teme = Y0 - yeme (6)
where ycmc 18 the surface tension at CMC and y, is the surface tension measured for
pure water at the appropriate temperature, which give us good idea about the
properties of prepared surfactants and their efficiency as a good surfactant. The most
effective prepared surfactant is one which gives the largest reduction of the surface
tension at the CMC. From the results showed in Table 1, it was found that [Tcyc
increased with the hydrocarbon chain increasing and the compound CSSB-16 more
effective surfactant, which achieves the maximum reduction of the surface tension at
CMC reach to 40.36 [36].

3.2.3. Maximum surface excess (I'may)

The maximum surface excess is defined as the concentration of surfactant
molecules at the interface per unit area (/iyax), which depend mainly on the
hydrophobic chain length and the temperature. The values of maximum surface

excess (I max) have been calculated from surface tension using Gibb’s equation [37]:

R ( 4 ] ™
2.303nRT \dlogC ),
where R is the gas constant (equal to 8.314 J mol 'K "); T'is the absolute temperature;
dy/dlogC is the slop of y vs log C profile at the point CMC; and » is the number of
ions that originate in solution by dissociation of the surfactant and whose
concentration vary at the surface when changing the bulk solution concentration
(assumed as 2 in our calculations). The data in Table 1, revel that by increasing length

of hydrophobic moiety of prepared cationic surfactants, shift I, to lower

14
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concentrations. Meaning that, the surfactant molecules are directed towards the
interface, decreasing the surface energy of their solutions.
3.2.4. Minimum surface area (Amin)

Minimum surface area is the average area occupied by each molecule
adsorbed at the interface [38]. The minimum Surface area (Anmin) of prepared cationic
surfactants have been calculated and listed in Table 1 based on Gibb’s adsorption
equation [39]:

1014

min W ®8)

max

where N, is Avogadro’s constant (6.022 x 10** mol ") and Ay, is in nm?*. where Ay
increase by increasing the hydrophobic moiety (chain length) due to decreasing [ .
values, where by decreasing /.« the distances between molecules will increase so
Amin Increase; this would be due to the fact that the balance of forces leading to the
organization of the surfactants at the surface of aqueous solutions [37].
3.2.5. Thermodynamics parameters of micellization and adsorption

The thermodynamic parameters of adsorption and micellization of the
synthesized Schiff base cationic surfactants were calculated according to Gibb’s
adsorption equations [40]:

AG;

mic

=2-a)RTInCMC 9

AG., =AG)

0. —0.06027,, A (10)

min
whereas AGY, and AG’,_ are the adsorption and micellization free energies,
respectively. a is the counter ion dissociation obtained from the conductivity

measurements. From Table 1, it can be seen that the values of AG?, and AG), are

always negative, leading to the spontanousness of these two processes, but there are

15
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0

more increase in negativity of AG,,

(by increasing hydrophobic moiety) than of

AG!

mic ?

indicating the tendency of the molecules to be adsorbed at the interface.

<<Figure 3>>

<<Table 1>>

3.3. Biodegradability

The evaluation of biodegradability of the synthesized CSSB compounds was
done using the Die-away test [41].The measurements of the biodegradation using
surface tension for 14 day were showed in Fig. 4. From Fig. 4, it is noted that the
extent of biodegradation of different cationic surfactant solutions increase gradually
by increasing the time and reached a maximum values after 14 days in the river water.
The gradual increasing in biodegradation is returned to the loss of the surface activity
of surfactants dissolved in the river water. For the synthesized CSSB surfactants, the
presence of an aromatic nucleus in the hydrophobic group and unsaturated branched
hydrophobic group (Schiff base) will decrease its biodegradability but the
biodegradation increased with increased linearity of the hydrophobic chain length
group (fatty chain). These results agreed to the Ref. [33]. Therefore the results showed
that the biodegradability of CSSB-16 > CSSB-14 > CSSB-10. The biodegradation
values of these surfactants specified them as biodegradable compounds. So the
synthesized CSSB compounds will be high biodegradability and less toxicity, i.e.,

environment friendly [42].

<<Figure 4>>

3.4. Open circuit potential

Potential-time curve for carbon steel in 3.5%NaCl +0.5 M HCI solution in the

absence and presence of 150 ppm of synthesized CSSB inhibitors at 60 °C is shown in

16
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Fig. 5. It is clear from the curve that, the corrosion potential (E.) of carbon steel
electrode in the investigated solution is shifted to more noble direction until steady
state potential is determined. Addition of inhibitor molecules to the aggressive
medium produces a positive shift in Ecqoy, i.€.; the potential was shifted to more noble
direction. This behavior is due to the inhibitor molecules reduces the active site on the

surface of steel by the adsorption on these active sites.

<<Figure 5>>

3.5. Electrochemical impedance spectroscopy measurements (EIS)

The corrosion behavior of C steel in 3.5% NaCl+0.5 M HCI containing
various concentrations of CSSB-10, CSSB-14 and CSSB-16 inhibitors was studied by
EIS after immersion for 50 min at 60 °C. Nyquist plots of C steel in the investigated
corrosive media containing different concentrations of CSSB inhibitors are presented
in Figs. 6-8a.

The impedance diagrams show a capacitive loop, whose size increased with
the addition of the synthesized inhibitors. The capacitive loop was related to charge
transfer in the corrosion process [43]. The shape of the EIS diagrams of C steel in
3.5% NaCl+0.5 M HCI is similar to those found in the presence of studied CSSB
inhibitors, suggesting similar mechanism for the corrosion inhibition of C steel by
synthesized CSSB inhibitors. Figures 6-8a displayed that, the impedance value in the
presence of CSSB inhibitors is larger than in the absence of inhibitors and the value of
impedance increases with increasing CSSB compounds concentrations. This means
that the corrosion rate is reduced in the presence of the inhibitors and continued to
decreasing upon increasing the concentration of the inhibitors.

Figures 6-8 b show the Bode impedance and Bode phase angle plots for C

steel electrode after its immersion in 3.5% NaCl+0.5 M HCI solution for 50 min. The
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Bode plots for C steel immersed in 3.5% NaCl+0.5 M HCI solution with and without
different concentrations of CSSB inhibitors exhibit one time constant, thus showing
that the inhibitor systems behaves as a monolayer formation and the dissolution
process is controlled by a charge transfer reaction, taking place at the steel/solution
interface. As we can see (Figs 6-8 b) increasing the concentration of CSSB
compounds in the investigated solution results in closer to 90 degree of the phase
angle indicating excellent inhibitive behavior due to adsorption of more CSSB
molecules on the steel surface at higher concentrations. On the other hand, the shift of
phase angle indicates the change in the electrode interfacial structure upon addition of
the inhibitors. The continuous increase in the phase angle shift in the presence of the
inhibitor was obviously associated with the growth of inhibitor film and with the
increase in surface coverage (¢; Table 2) on the C steel surface, resulting in higher
inhibition efficiency. Figures 6-8 b show that the impedance values in the presence of
studied inhibitors (CSSB-10, CSSB-14 and CSSB-16) is larger than in its absence and
the value of impedance was increased with increasing the inhibitor concentrations.
This means that the corrosion rate is decreased by addition of CSSB compounds and
continued to decreasing upon increasing the concentration of the inhibitors.

Figure 9 a, b and ¢ shows the comparison of the simulated spectrum and the

experimental EIS data, using the Z-View impedance fitting software for carbon steel

samples immersed in 3.5% NaCl+0.5 M HCI containing 150 ppm of CSSB-16. A
good fit was obtained with the model used for all experimental data. The equivalent
circuit used in the present study is shown in Fig. 9 d. In this equivalent circuit, R; is
the solution resistance, CPE is the constant phase element and R, which corresponds
to the diameter of Nyquist’s plot, includes the diffuse layer resistance (Rq4), charge

transfer resistance (R.), the resistance of inhibitor layer at the steel surface (R;) and
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the accumulated species at the steel/solution interface (R,) (Rp, =Rd+ R+ Rit+ R,) [44].
Similar equivalent circuits were proposed by several authors [44-46]. In order to
obtain a more accurate and representative fit, the pure double layer capacitance (Cq)
was replaced by the constant phase element (CPE) which is defined as follows [44]:
Zews =Yy (jo)™" (1

where Y, is CPE constant, j is the imaginary unit, o is the angular frequency and »
is CPE exponent (represents the deviation from the ideal behavior and it lies between
0 and 1). The lower value of n (Table 2) for C steel in the studied corrosive solution
indicates surface inhomogeneity resulted from metal surface roughening due to
corrosion. However, in the presence of the synthesized CSSB compounds, n values
were found to be increased, suggesting reduction inhomogeneity of surface due to the
adsorption of surfactant molecules. The parameters obtained by fitting the
experimental data using the equivalent circuit, and the calculated inhibition
efficiencies are listed in Table 2. The double layer capacitance (Cy;) and the inhibition
efficiency (Pgs) were calculated from the equations (3) and (4) as reported in our
previous work [17].

The data shown in Table 2 reveal that, introducing of CSSB compounds to the
aggressive solution increases R, and Pgis values and lowers the values of Cy and this
effect is seen to be increased as the concentrations of inhibitors increase. This
suggests that the inhibitors act via adsorption at the steel/acid interface. The decrease
in Cy4 value can be attributed to the increase in the thickness of the electrical double
layer and/or a decrease in the local dielectric constant. Further the decrease in the Cy
values is caused by the replacement of H,O molecules by the adsorption of the CSSB
molecules on the metal surface, which decreases the extent of steel dissolution [47].
Also, the increase of R, with rise in the inhibitor concentration, indicate that the

charge transfer process is mainly controlling the corrosion process. The value of Cy; is
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always smaller in the presence of the inhibitor than in its absence, indicating the
effective adsorption of the synthesized CSSB inhibitors.

Based on the Nyquist plots shown in Figures 6-8a and Table 2, the values of
R, and Pgs for the investigated inhibitors increase in the order: CSSB-16> CSSB-14>
CSSB-10 with values 95.52% > 93.80 % > 88.88 % at 150 ppm. When this is
compared to the blank, the Cq values show an appreciable decrease in the reverse
order. The concentration range of CSSB compounds from 25 to 150 ppm leads to the
change of the inhibition efficiency from 31.95% to 88.88 %, 50.74 to 93.80 % and
56.29 to 95.52% for CSSB-10, CSSB-14 and CSSB-16, respectively, indicating that
the CSSB compounds performs as a high effective inhibitors for C steel corrosion in

3.5% NaCl+0.5 M HCI solution.

<<Figure 6>>

<<Figure 7>>

<<Figure 8>>

<<Figure 9>>

<<Table 2>>

3.6. Potentiodynamic (Tafel) polarization measurements

3.6.1. Effect of CSSB compounds concentrations

Tafel polarization measurements of C steel electrode after immersion for 50
min in 3.5 %NaCl+ 0.5 M HCI in the absence and presence of various concentrations
of CSSB-10, CSSB-14 and CSSB-16 at 60 °C are shown in Figure 10a-c,
respectively. It is seen from this Fig. that, both cathodic and anodic currents were
decreased in the presence of investigated CSSB compounds and the decrease is more

pronounced at higher inhibitor concentrations. The inhibitor adsorption on the metal
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surface decreases the reaction of hydrogen evolution and also hinders the chloride
attack on the steel electrode. The electrochemical Tafel parameters such as corrosion
current density (Jeor), corrosion rate (CR), the corrosion potential (E.ory), cathodic
Tafel slopes (5.), anodic Tafel slopes ($,), and the inhibition efficiency (Pppp) are
computed and tabulated in Table 3. f,, f., and the J. are calculated from the
extrapolation of cathodic and anodic lines to the corrosion potential (Ecor) [48]. Prpp
and CR are calculated in terms of equations 1 and 2, respectively.

As shown in Table 3, the corrosion rates (CR) as well as corrosion current
densities (Jeorr) of C steel reduce remarkably in the presence of the CSSB inhibitors,
indicating a great inhibition performance for C steel corrosion in 3.5 %NaCl+ 0.5 M
HCI solution at 60 °C. Also the data showed that, the increasing of inhibitor
concentrations resulted in a decrease in J.,r, CR and an increase in inhibition
efficiency (Pppp), suggesting the adsorption of CSSB molecule at the metal surface to
form a protective film [49]. According to J.orr and CR the inhibitory action of CSSB-
16 are much better than those of CSSB-10 and CSSB-14. The best inhibition
efficiency was about 91.55% for CSSB-10, 96.62% for CSSB-14 and 98.39% for
CSSB-16 at optimal concentration 150 ppm.

The cathodic Tafel slope (f.) and the anodic Tafel slope (f,) of CSSB-10,
CSSB-14 and CSSB-16 did not modify with increase in inhibitor concentration,
indicating that the hydrogen evolution is activation-controlled and the inhibition
mechanism does not change by addition of investigated surfactants [50]. On the other
hand, f. of blank is higher than 118 mV/dec. It indicates that in the absence of
inhibitors, the corrosion reaction is specified by substance diffusion and charge
transfer. Moreover, the behavior of . and f, demonstrates that the CSSB compounds
prevent the corrosion by blocking effect of adsorbed inhibitive species at the steel

surface.
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The inhibitor can be considered as anodic or cathodic type, if the displacement
in E.o is more than £85 mV relating to the corrosion potential of the blank. If the
change in E o is less than £85 mV, the corrosion inhibitor may be considered as a
mixed type [S1]. According to the values of E. listed in Table 3, the largest
displacement in the E., values was found 12, 10 and 5 mV for CSSB-14, CSSB-14
and CSSB-16, respectively (< 85 mV), indicating that the CSSB compounds can be
classified as a mixed-type of inhibitors by showing its inhibitory action on both metal
dissolution and hydrogen evolution [52]. Based on Table 3, increasing the inhibitor
concentration resulted in an increase in the surface coverage () of electrode surface
due to an increase in the amount adsorbed of the inhibitor on C steel surface suggests
that a more compact and stable adsorption layer can be formed on the steel surface at
higher concentration, thus prevents the steel surface from being attacked by the
corrosive medium.

The inhibition effect of the precursor Schiff base namely 2-((3-
(dimethylamino) propylimino)methyl) phenol (compound II) on the C steel corrosion
in 3.5 %NaCl+0.5 M HCIl was performed, in comparison with the inhibition
performance of the synthesized CSSB inhibitors by potentiodynamic polarization
measurements at 60 °C. It was found that in the presence of 150 ppm of all studied
compounds, the inhibition efficiency of the precursor compound is 86.5%, while the
values for CSSB-10, CSSB-14 and CSSB-16 are 91.55%, 96.62% and 98.38,
respectively. The higher Pppp values of the CSSB compounds in a comparison with
the precursor Schiff base compound is due to the surfactant molecule up to CMC
forms thin film on the metal surface involved two inhibitive groups; one hydrophilic
group and other water-insoluble hydrophobic group. But Schiff base adsorbed on the

surface of steel via only one inhibitive group.
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When we compared our study with the literature data, e.g. Negm et al. [S3]
studied the inhibition effect of 4-Diethyl Amino Benzaldehyde Schiff base cationic
Amphiphiles on carbon steel in different acidic media. They found that, in the
presence of 200 ppm of inhibitors the inhibition efficiency ranged from 69.5% to
96.64% and from 94.77 to 98.33 in 2 N H,SO4 and 2N HCI solutions, respectively.
Hamitouche et al. [54] also investigated the inhibition performance of some
quaternary ammonium surfactants on carbon steel in 1.0 M HCI containing 720 ppm
of inhibitors using the potentiodynamic polarization measurements. They showed
that, the inhibition efficiency of these inhibitors was around 85%. As another study,
Hegazy et al. [55] measured the behaviors of inhibition of cationic and gemini
surfactants on carbon steel in acidic solution. The inhibition efficiencies increased
with the increase in inhibitor dose and reached 94% and 96% for cationic and gemini
surfactants in 0.5 M H,SOs solution, respectively. Moreover, Fouda et al [56]
investigated the inhibition efficiencies of some cationic surfactants, namely: cetyl
trimethyl ammonium bromide (CTAB) and dodecyl trimethyl ammonium chloride
(DTAC) in 0.5 M HCI. They found inhibition efficiencies were around 86.5 % and
87.1%, respectively. Our potentiodynamic polarization measurements improve and
support the literature investigations taking into account the chemical and physical
meaning of the inhibition characteristics of CSSB compounds.

Finally, these results support CSSB compounds as economically and
environmentally friendly inhibitors. The inhibiting efficiency values got from Tafel
polarization measurements are comparable and run parallel with those obtained from
the EIS data. The EIS and Tafel polarization results shown in Tables 2 and 3,
respectively, display a relatively higher inhibition efficiency of CSSB-16 compared

with those of CSSB-10 and CSSB-14.
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<<Figure 10>>

<<Table 3>

3.6.2. Effect of temperature and kinetic parameters

In order to gain more information about the effectiveness and the adsorption
type of the studied inhibitors at higher temperatures, potentiodynamic polarization
measurements of C steel were conducted in 3.5%NaCl +0.5 M HCI solution
containing 150 ppm of studied inhibitors CSSB-10, CSSB-14 and CSSB-16 at
temperature range of 30—60 °C. Figure 11 show the effect of temperature on the
corrosion current density (Jeor) and the inhibition efficiency of C steel in the titled
aggressive solution containing 150 ppm of different inhibitors. It can be observed that
(Fig. 11a), the corrosion current density increases with temperature for C steel,
indicating that at higher temperature, dissolution of carbon steel dominates on the
surface [S57]. In addition, the corrosion current density in the solution containing
CSSB inhibitors is always lower than those of free inhibitor. These results indicate
that the inhibitors are efficient at the range of temperature studied. Figure 11b shows
the effect of various temperatures on the inhibition efficiency of C steel in
3.5%NaCl+ 0.5 M HCI containing 150 ppm of the studied CSSB compounds. From
this Figure, the Pppp decreases with rise the reaction temperature. The values of Pppp
reveal a small reduction with increasing 7, ranging from 92.43 to 91.54%, 97.31% to
96.62% and 98.68% to 98.39% for CSSB-10, CSSB-14 and CSSB-16, respectively.
Since a decrease in inhibition efficiency with rise in temperature is distinctive by a
physisorption mechanism. This is because the strength of the interaction between the
metal surface and inhibitor molecules decreases with increasing the temperature [58].
The dependence of the corrosion current density (Jeor) On temperature can be

expressed by the Arrhenius equation as presented in following equation [59]:
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E 1
logJ =log4d——%—— 12
8 corr 8 2303RT (12)

where E, is the apparent activation energy of the corrosion process [kJ mol '], R is gas
constant [J K mol '], T is absolute temperature [K], and 4 is an Arrhenius pre-

exponential factor. Figure 12 represents the Arrhenius plot of the corrosion of C steel
in 3.5%NaCl+ 0.5 M HCI solution (log Jeorr as a function of %) with or without the

presence of 150 ppm of the investigated surfactants. The slope of the line is (-
E,/2.303R) and the intercept of the line extrapolated gives log 4. The calculated E,
value of C steel in the absence of inhibitors was 10.01 kJ/mol. However, in the
presence of 150 ppm of CSSB-10, CSSB-14 and CSSB-14 compounds, the E, values
were increased to 13.12, 15.33 and 16.62 kJ/mol, respectively. The decrease in Pppp
with rise in temperature with an increase in £, in presence of surfactants compared to

the absence signifies physical adsorption [60].

<<Figure 11>>

<<Figure 12>>

3.7. Adsorption isotherm and thermodynamic calculations

In order to give basic information about the absorptive interaction occurred in
the investigated corrosive medium, the adsorption isotherm was studied. The
adsorption process is affected by several factors such as the type of the corrosive
environment, the chemical structure of an organic inhibitor, the distribution of charge
in the molecule and the nature properties of the metal surface, etc. The adsorption of
surfactant molecules from the aqueous solution can be regarded as a quasi-
substitution process between the surfactant compound in the aqueous phase
[CSSByson] and water molecules at the electrode surface [HyOjags)]:

CSSB(501)+ XHQO(adS)—>CSSB(ads)+xH20(gol) 13)
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where x is the number of water molecules replaced by one surfactant molecule.
CSSBso1) and CSSByags) represent the CSSB molecules in the solution and adsorbed on
the steel surface, respectively. In order to find the best adsorption isotherm, which
characterize the adsorption of the investigated CSSB inhibitors on the C steel surface,
different isotherm types were employed to fit the empirical data, such as Langmuir,
Frumkin, Temkin, Freundlich and Flory—Huggins adsorption isotherms. However, the
best fit is obtained with the Langmuir isotherm. The Langmuir isotherm is described
according to equation [1, 2]:

C 1

i =C, 14
6 " Kads ( )

where, K,q4s is the equilibrium constant for the adsorption—desorption process, Cin, i
molar concentration of inhibitor in the bulk solution and @ is the degree of surface
coverage. The Langmuir adsorption plots (Fig. 13) of the synthesized surfactants gave
straight lines with excellent correlation coefficient (R*) of 0.9991, 0.9997 and 0.9999
for CSSB-10, CSSB-14 and CSSB-16, respectively (as shown in Fig. 13). The near
unity slope suggests that the adsorptions of CSSB inhibitors on steel surface obey a
Langmuir adsorption isotherm. The values of K45 calculated from the reciprocal of
intercept of isotherm lines for C steel at 333 K was found to be 7246, 17271 and
23474 M for CSSB-10, CSSB-14 and CSSB-16, respectively. The high values of
Kaas reflected the high adsorption ability of these CSSB inhibitors on C steel surface
in the investigated aggressive solution. But the adsorption of CSSB-16 inhibitor was

more efficient than CSSB-10 and CSSB-14 compounds. K,qs is also related to the

o
ads

standard free energy of adsorption (AG_, ) by the following equation [17]:

AG®, =—RTIn(55.5K ) (15)

where T is the absolute temperature, R is the gas constant, and 55.5 is the molar

concentration of water. Generally, the value of AGZ, up to -40 kJ mol” were
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considered chemical adsorption as a result of sharing or transfer of electrons from

inhibitor to the steel surface to form a coordinate type of bond [61] while
physisorption is around -20 kJ mol™. The calculated AG?, values at 60 °C were found

ads

to be -35.72, -38.18 and -38.98 kJ mol™ for CSSB-10, CSSB-14 and CSSB-16,
respectively. AG., values indicated that the adsorption process involved both the

chemical and physical adsorption [62].

<<Figure 13>>

3. 8. Surface examinations by SEM/EDX

In order to confirm the formation of a protective surface film of the inhibitors
at the electrode surface, SEM/EDX examinations of the metal surface were
performed. The morphologies and EDX analysis of the C steel samples exposed for
72 h in the uninhibited and inhibited solutions at 60 °C are shown in Figs. 14 and 15.

Figure 14a shows the SEM image of C steel surface after immersion in
uninhibited 3.5%NaCl+ 0.5M HCI solution for 72 h. The micrographs showed that the
C steel specimen exhibits a very rough surface and covered with thick porous oxide
layer in the absence of inhibitors due to corrosive attack by the chloride acid solution.
In aggressive solution-free inhibitor (uninhibited), the EDX spectra (Fig. 14b) of the
tested C steel sample showed, in addition to the O and Cl, the atomic percentage of
the alloying elements constituting each tested sample. The presence of the O may be
due to the presence of Fe;O4 and a-FeOOH as corrosion products [63]. The presence
of Cl refers to the adsorption of Cl ions and subsequent formation of FeCl, as one of
the corrosion products. This indicated that the passive film is mainly Fe,O3; and/or
FeCl,.

Figure 15a describes the SEM of the C steel surface after 72 h of immersion in

3.5%NaCl+0.5M HCI solution with the addition of 150 ppm CSSB-16 compound. It
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can be seen that the flakes in the surface of the specimens decreased as compared to
that of the micrograph in Fig. 14a, where the surface of 15a is clearer as compared to
that of 14a. The improvement in surface morphology of specimens is due to the
decrease in the corroded areas caused by the inhibitor layer covering the electrode
surface. In the inhibited solution, the EDX spectrum (Fig. 15b) showed additional
characteristic peaks for the existence of N due to the adsorption of imine group. In
addition, the contribution of C enhanced as a result of the C atoms of the adsorbed
CSSB-16 inhibitor. This data show that a carbonaceous material containing N has
covered the electrode surface. The detection of the N atom and the high contribution
of the C observed in presence of additives, indicating the surface are covered with
CSSB-16 inhibitor film. Further inspection of the EDX data demonstrated that the
contribution of Cl and O elements were decreased relative to the specimens exposed
to the free inhibitor solutions because of the covered inhibitor layer, which protects
metal against corrosion. The percentages of the elements present on the analyzed
surfaces with and without the titled inhibitor are calculated and tabulated in Figs 14,

15b (inset).

<<Figure 14>>

<<Figure 15>>

3.9. Corrosion inhibition Mechanism by the CSSB compounds

In General, surfactant compounds serves as inhibitors by adsorption at the
metal/solution interface. The surfactants were inhibited the corrosion by controlling
both cathodic as well as anodic reactions. The adsorption of Schiff base cationic
surfactant molecules at the C steel surface may be due to interaction between
unshared electron pairs of the molecules and the metal, to electrostatic attraction

between charged molecules and charged metal, to the interaction of unshared electron
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pairs in the molecule with the metal, or to a combination of the above [64, 65]. The

o
ads

values of standard free energy of adsorption (AG?, ) showed that the investigated

surfactants adsorb on the metal surface through both chemical and physical. Corrosion
inhibition mechanism of all the three titled surfactants can be explained based on the
number of adsorption centers, the larger molecular size and planarity of compounds.
The data of electrochemical measurements indicated that the inhibition efficiency
increased with increasing concentration of surfactant and maximal inhibition
efficiency values was obtained at 150 ppm of inhibitor for all the CSSB compounds.
The inhibition efficiency of CSSB compounds at 150 ppm follows the order of
increasing alkyl chain length = CSSB-16 > CSSB-14 > CSSB-10. The high
performance of CSSB-16 inhibitor may be attributed to the increasing of the length of
fatty chain.

The synthesized CSSB compounds adsorbed to the C steel surface through CI°
ion and the quaternary nitrogen atom (N"). CI ion adsorbed on the anodic sites to
minimize the anodic dissolution while N™ adsorbed on the cathodic sites to decrease
the hydrogen evolution. The adsorption of CSSB compounds on anodic site occurred
via lone pair of electrons of nitrogen atoms of azomethine group (-CH=N-) and n-
electrons of aromatic ring which decreased the anodic dissolution of C steel.

In addition to the chemical adsorption, the surfactant molecules can also be
adsorbed on the metal surface through electrostatic interaction between the charged
surfactant molecules and the charged steel surface. The following mechanism is
proposed for the corrosion of the C steel in the investigated chloride medium in the

presence of inhibitors:

Fe+CIl™ «—>(FeCl)_, (16)
CSSB+H"«——>CSSBH" a7
(FeCl),, +CSSBH" «——(FeCl CSSBH"),,, (18)
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In acidic chloride environment, CSSB is protonated at the nitrogen atom present in
azomethine group (-CH=N-), and becomes a cation that exists in equilibrium with the
corresponding molecular form as Eq. (17). The charge on the steel surface can be
measured from the potential of zero charge (Epzc) on the correlative scale (&), given
by the equation [66]:
0= Econ- Evzc 19)

In the present study, the obtained values of Epyc for C steel in acidic chloride solution
in the presence of 150 ppm CSSB-10, CSSB-14 and CSSB-16 are -0.491, -0.509 and -
0.487 V vs. SCE, respectively. It can be said that & potential is positive in these cases.
From the above result, it follows that Cl ions first adsorbed at the steel/solution
interface at the ... After this first adsorption step, the C steel surface becomes
negatively charged. Hence, the positively charged of CSSB cationic forms [CSSBH']
has been formed an electrostatic bond with the Cl ions already adsorbed on steel
surface as Eq. (18). As a result, it can be concluded that CSSB compounds acts as an
excellent mixed type acid corrosion inhibitors for C steel in the investigated acidic
solution containing chloride.

3.10. The relation between inhibition performance and surface properties of the

synthesized CSSB compounds

The highest decrease in the surface tension was obtained with increasing the
carbon chain length of compounds. This is in a good agreement with the inhibition
efficiency values which were achieved by prepared CSSB compounds. It appears that

the synthesized CSSB surfactants favor adsorption rather than micellization. The fact

that AG®

o
ads could

mic

values were more negative compared with the corresponding AG

be taken as strong evidence on the feasibility of the adsorption for the synthesized

inhibitors. It was noticed that the A4,,;, values were increased, whereas the /.« values
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were decreased with increasing the carbon chain length of the studied surfactants. It
was observed that, the inhibition efficiency values increase with increasing I1cvc and
Amin values.

3.11. Theoretical investigations

In order to investigate the relationship between the molecular structures of
studied CSSB compounds and their inhibition effects, quantum chemical calculations
were performed. The frontier molecule orbital density distribution and the optimized
structures of the three investigated inhibitors are shown in Figure 16, and the
particular quantum chemical parameters Erumo, Euomo » AE (ELumo-Eunomo), the
dipole moment (u), the chemical hardness (7), softness (o), electron affinity (£4),
electronegativity (Ev), electronic chemical potential (Ecp) and electronic chemical
potential (pi) were computed as given in Table 4.

The frontier molecular orbitals (HOMO and LUMO) perform significant roles
in predicting the adsorption centers of the inhibitor molecules responsible of the
interaction metallic surface/molecule [67-69]. From Fig. 16, the HOMO is distributed
over the imine group (-C=N-) due to the presence of lone electron pairs in the
nitrogen atom, which indicates that the preferred active sites for an electrophilic
attack are located within the region around nitrogen atom belonging to -C=N- group.
Whereas, The LUMO is mainly located in the benzene ring, which reveals that the
preferred active sites for a nucleophilic attack are located in m-electrons of benzene
ring. These results suggest that the -C=N-benzene region in the inhibitor is the likely
reactive site for the adsorption of molecule on the metal surface.

The energy of the highest occupied molecular orbital (Eyomo) is related to the
electron donating ability of the compound; therefore, compounds with high values of
Enomo have a tendency to donate electrons to appropriate acceptor with low empty

molecular orbital energy. On the other hand, the Eyymo indicates the electron
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accepting ability of the molecule, the lowest its value the higher the ability of
accepting electrons. Therefore a decreasing Epymo suggests better inhibition
efficiency [70]. From the results obtained, the expected trend for inhibition efficiency
of the titled CSSB compounds is CSSB-16>CSSB-14>CSSB-10; this trend is in
agreement with experimental data. The energy gap (AE) between Erumo and Eyomo
energies is another important factor in describing the molecular activity, so when the
AE decreased, the inhibitor efficiency is improved [71]. Therefore, the inhibition
efficiency of the studied CSSB compounds is expected to increase with decreasing
value of AE. This assertion is supported by the experimental results. The trend for the
AE values follows the order CSSB-16<CSSB-14<CSSB-10 which suggests that
CSSB-16 has the highest reactivity in comparison to the other inhibitors and would
therefore likely interact strongly with the metal surface. From the above results, it can
be seen that there is a strong correlation between the experimental inhibition
efficiency values and the frontier molecular orbital energies (ELumo, Enomo and AE).
The dipole moment (u) is an index that can also be used for the prediction of
the direction of a corrosion inhibition process. u is the measure of polarity in a bond
and is related to the distribution of electrons in a molecule [72]. The relationship
between inhibition efficiencies and the dipole moment of similar molecules have
often given results that are not univocal, i.e., in some cases the u appears to decrease
with increase in the inhibition efficiency of the inhibitors [73] while in other systems
the u appears to increase with increasing inhibition efficiency [74]. The dipole
moments of CSSB-10, CSSB-14 and CSSB-16 are 7.98, 8.01 and 8.04 Debye,
respectively, which are higher than that of H,O (u = 1.88 Debye). The high u values
of these compounds probably indicate strong dipole—dipole interactions between

inhibitor molecule and steel surface [75]. Overall, the trend in the dipole moment
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follows the order; CSSB-16 > CSSB-14 > CSSB-10, which is in agreement with
trends in the experimental inhibition efficiencies of the compounds.

The electron affinity (Ea) of molecules is an intricate function of their
electronic structure. E, is related directly to Epymo. It is showed that From Table 4,
there is a good correlation between the inhibition efficiency and the electron affinity
for the investigated surfactant inhibitors. Electron affinity values for the three
synthesized surfactants are negative, indicating that their inhibition performance may
be related to the tendency of the molecules to be electrophilic. As the electron affinity
increase along the compounds, the affinity of the compounds to accept electrons from
the surface of metal into the inhibitor antibonding orbital increase and the energy
given off increase. Then the inhibition efficiency increase indicating more protection
for the steel surface. As a result, higher negative value of £, for CSSB-16 compound
(-0.7563) indicates that the molecule strongly adsorb onto the metal surface and form
a more protection layer on the C steel surface [76]. One of the important calculated
quantum chemical indices of the investigated inhibitors are electronic chemical
potential (Ecp) and electronegativity (Ex). Electronegativity is related to the ability of
the molecule to draw electron toward itself [77]. The data in Table 4 displayed that,
CSSB-16 has the highest probability (4.209 eV mol ) to form a coordinating bond by
accepting an electron from the steel surface (7 eV mol ™), and conversely, the
electronic chemical potential (Ecp) of the inhibitors is larger than the metallic Fe (-7
eV mol '1).

The Chemical hardness and softness of a molecule are parameters that have
been found to exhibit excellent relationship with the energy gap (AE). Chemical
hardness () measures the resistance of an atom to a charge transfer; whereas,
the chemical softness (&), describes the capacity of an atom or group of atoms to

receive electrons and calculated by the following equations [78]:
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1
n= _E(EHOM —E, umo) (20)
1
o= ; = -2(E om0 — ELumo) (21)

Generally, hard molecules are characterized with larger value of AE and are less
reactive than soft molecules, which are characterized by small AE [78]. Soft
molecules are more reactive than hard ones because they could easily offer electrons
to an acceptor. For the simplest transfer of electrons, adsorption could occur at the
part of the molecule where ¢ has the highest value and # the lowest value [79].
Therefore, as expected, CSSB-16 is the best inhibitor with the lowest chemical
hardness. It was also found that CSSB-16 has the lowest electronic chemical potential
(pi, -2.82 eV), which imply that CSSB-16 compound has better inhibition
performance. From the above, experimental inhibition efficiencies of the studied
CSSB compounds correlated excellently with Egomo, ELumo, AE, i1, Ea, En, Ecp and u
and both experimental and theoretical results point to the fact that CSSB-16 has the

highest inhibition efficiency.

<<Figure 16>>

<<Table 4>

4. Conclusions

Three cationic surfactants containing Schiff base group CSSB-10, CSSB-14
and CSSB-16 have been synthesized, and their inhibition performance on carbon steel
corrosion in 3.5%NaCl +0.5 M HCI solution at 30-60 °C have been studied using by

potentiodynamic polarization and electrochemical impedance spectroscopy
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measurements, as well as quantum chemical calculations. From the data obtained, the

following points can be emphasized;

1. The CMC values of CSSB compounds decreased with increasing of the length of
the hydrophobic group.

2. All synthesized surfactants show good inhibition performance for carbon steel in
the investigated acidic chloride solution; the inhibition efficiency increases with
an increase in inhibitor concentration and decreases with increasing temperature.

3. The potentiodynamic polarization curves show that the synthesized CSSB
surfactants act basically as a mixed type inhibitors.

4. EIS results indicate that the resistance of the carbon steel electrode greatly
increased in the presence of the synthesized surfactants and are considered as
efficient inhibitors referring to their corrosion inhibition efficiency values which
ranged 88.88-95.52% at 150 ppm.

5. The Langmuir adsorption isotherm exhibited the best fit to the experimental data

with AG?, of -35.72, -38.18 and -38.98 kJ mol” for CSSB-10, CSSB-14 and

ads
CSSB-16, respectively, which indicate that the adsorption process involved both
the chemical and physical adsorption.

6. SEM/EDX analyses indicate that carbon steel corrosion can be inhibited,
obviously due to the adsorption of the synthesized CSSB compounds on the C
steel surface.

7. The computed quantum chemical properties viz., Erumo, Eunomo, the dipole
moment («), AE (ELumo-Enomo), the chemical hardness (7), softness (o), electron
affinity (£4), electronegativity (Ex), electronic chemical potential (Ecp) and
electronic chemical potential (pi) show good correlation with experimental

inhibition efficiency.
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Appendix A. Supplementary material

Figure S1: FT-IR (a) 'H-NMR (b) and ""C-NMR (c) spectra of 3-((2-
hydroxybenzylidene)amino)-N,N-dimethyl-N-(2-ox0-2-(decyloxy)ethyl)  propan-1-
ammonium chloride [CSSB-10], Figure $2: FT-IR (a) "H-NMR (b) and *C-NMR
(c) spectra of ((2-hydroxybenzylidene)amino)-N,N- dimethyl-N- (2-oxo0-2-

(tetradecyloxy) ethyl) propan-1-ammonium chloride [CSSB-14].
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LIST OF TABLE

No. Caption

Surface active properties of the synthesized Schiff base cationic surfactant
TABLE 1
compounds from the surface tension and conductivity measurements at 30 °C.

Electrochemical parameters of impedance for carbon steel and the corrosion
TABLE 2 | inhibition efficiencies of various concentrations of the synthesized CSSB compounds

in 3.5 %NaCl+ 0.5 M HCl at 60 °C.

Potentiodynamic polarization results for carbon steel in 3.5 %NaCl+ 0.5 M HCI at 60
TABLE 3
°C with various concentrations of studied CSSB compounds.

Quantum chemical parameters calculated using the Gaussian 09 program package
TABLE 4
with B3LYP/6-31G (d, p) basis set for CSSB models.
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Table 1:
Surface tension measurements Conductivity measurements
T
Compounds | CMC | yowe | Heme | *10" | Awy cMC AG?,. AG),
@M L) | (i) | o) | (mot | ety | Gmany | ’ (KJ mol) | (KJ mol™)
cm)
CSSB-10 | 3.16 | 3594 | 36.06 | 8.10 | 2.057 | 3.19 [0.3790.621 | -23.50 | -27.93
CSSB-14 | 043 | 33.04 | 3896 | 7.50 | 2.21 048 103960604 | -31.32 | -35.70
CSSB-16 | 0.08 | 31.64 | 4036 | 550 | 3.02 | 0.11 [0.408|0.592| -37.84 | -43.57
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Table 2:
Cinn/ CPE
Inhibitors ppm by R/ R,/ Ca/ ; Po %
code Q cm Q cm’ Yo/ pF cm™
weight 110 @i n
Absence 0 1.05 13.2+1.46 156.69 | 0.84+0.03 | 97.01£7.27 | === | -=—--
25 1.12 19.4+£2.17 90.28 | 0.87+0.02 | 51.19+3.58 [ 0.319 31.95
50 1.16 27.9+1.93 62.77 | 0.86+0.03 | 34.07+3.06 | 0.526 52.68
CSSB-10 75 1.15 41.3+£2.80 42.40 | 0.88+0.02 | 25.11+1.88 | 0.680 68.03
100 1.17 69.4+4.32 25.23 | 0.89+0.04 | 15.61+1.24 [ 0.809 80.97
150 1.23 118.8+6.38 14.74 | 0.90+£0.03 | 9.52+0.85 | 0.888 88.88
25 1.16 26.8+2.10 65.35 | 0.89+0.02 | 40.43£2.42 | 0.507 50.74
50 1.13 38.7+2.96 45.25 | 0.88+0.03 | 26.81+£2.43 | 0.658 65.89
CSSB-14 75 1.17 62.6+3.27 27.97 | 0.91+£0.02 | 18.88+1.51 [ 0.789 78.91
100 1.45 93.1+6.85 18.81 | 0.91£0.02 | 12.70+0.99 | 0.858 85.82
150 1.50 | 213.2£9.50 8.20 0.92+0.03 | 5.78+0.55 | 0.938 93.80
25 1.23 30.2+3.01 57.99 1 0.91+0.04 | 39.154£3.13 | 0.562 56.29
50 1.31 49.1+4.96 35.67 | 0.90+0.02 | 23.06+2.07 [ 0.731 73.11
CSSB-16 75 1.28 72.7+4.62 24.09 | 0.92+0.03 | 16.99+1.01 | 0.818 81.84
100 1.52 | 119.3£7.10 14.63 | 0.93+0.03 | 10.78+0.87 [ 0.889 88.93
150 1.61 | 294.7+£12.65 5.94 0.93+0.02 | 4.37+£0.35 | 0.955 95.52
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Table 3:
Cinn/ Ba/ -B./
Inhibitors ] CR/ -Ecor/ mV
ppm by ) mV mV Pppp/%
code (nAcm™) mmpy (SCE) . 0
weight dec” dec”
Blank 0.0 2450+212 28.90+2.5 439+4 102 186 - -
25 1643.7 £127 | 19.39+1.49 42745 108 183 0.329 3291
50 1120.6+132 | 13.22+1.55 429+3 108 195 0.542 54.26
CSSB-10
75 733.2+£92 8.65%1.08 440+4 105 198 0.700 70.07
100 406.4 £45 | 4.791+0.53 43542 106 175 0.834 83.41
150 207.1 £ 28 2.44+0.25 438+7 110 190 0.915 91.55
25 1169.6 £112 | 13.79+£1.32 438+6 108 197 0.522 52.26
50 787.1£90 9.28+1.06 44343 112 191 0.678 67.87
CSSB-14
75 458.6 £67 5.41+0.79 43444 108 185 0.812 81.28
100 283.9+£25 3.349+0.29 44942 108 187 0.884 88.41
150 82.8+8 0.97+0.094 435+3 111 190 0.966 96.62
25 1029.5¢97 | 12.14+1.14 436+3 106 199 0.579 57.98
50 604.9+£76 7.13+0.89 442+5 109 182 0.753 75.31
CSSB-16
75 384.4+29 4.53+0.34 441+2 108 191 0.843 84.31
100 205.3£12 2.42+0.15 44342 107 193 0.916 91.62
150 39.4+4 0.46+0.04 439+4 108 197 0.983 98.39
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Table 4:
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Quantum
CSSB-10 CSSB-14 CSSB-16
chemical
Model Model Model
parameters
ul Debye 7.98 8.01 8.04
Enomo/ €V -4.9796 -4.8708 -4.7769
Erumol €V 0.81634 0.76191 0.7563
AE/ eV -5.79545 2563271 -5.53320
nl eV 2.0811 2.054 2.0103
o/ eV 0.480 0.486 0.497
Pil eV -2.92 -2.90 -2.82
EA eV -0.81634 -0.76191 -0.7563
Ex/ eV mol’* 4.209 4.201 4.108
-4.209 -4.201 -4.108

Ecp/ eV mol!
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LIST OF FIGURES

No. Caption

Synthetic procedure of Schiff base cationic surfactant compounds (CSSB-10, CSSB-14
Figure 1
and CSSB-16).

FT-IR (a) 'H-NMR (b) and "C-NMR (c) spectra of ((2-hydroxybenzylidene) amino)-
Figure2 | N, N-dimethyl-N-(2-oxo-2-(hexadecyloxy) ethyl) propan-l-ammonium chloride

[CSSB-16].

Variation of surface tension (a) and specific conductivity (b) against concentration of
Figure 3 | the synthesized CSSB compounds at 30 °C. Effect of alkyl chain length on CMC

values of the synthesized compounds (Inset).

Figure 4 | Variation of biodegradation (%) with the time for the synthesized CSSB compounds.

Potential-time curves for carbon steel in 3.5%NaCl +0.5 M HClI solution in the absence
Figure 5
and presence of 150 ppm of synthesized CSSB inhibitors at 60 °C.

EIS plots for carbon steel in 3.5 %NaCl+ 0.5 M HCI in the absence and presence of
Figure 6 | various concentrations of CSSB-10 exemplified as: (a) Nyquist and (b) Bode and phase

modulus at 60 °C.

EIS plots for carbon steel in 3.5 %NaCl+ 0.5 M HCI in the absence and presence of
Figure 7 | various concentrations of CSSB-14 exemplified as: (a) Nyquist and (b) Bode and phase

modulus at 60 °C.

EIS plots for carbon steel in 3.5 %NaCl+ 0.5 M HCI in the absence and presence of
Figure 8 | various concentrations of CSSB-16 exemplified as: (a) Nyquist and (b) Bode and phase

modulus at 60 °C.

Figure 9 | Comparison of experimental EIS data (points) measured for carbon steel sample
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immersed in 3.5%NaCl +0.5 M HCI solution containing 150 ppm of CSSB-16
compound and the simulated data (line): (a) Nyquist plot (b) bode phase, (c) bode
angle modules and (d) the suggested equivalent electric circuit used to fit the

impedance data.

Figure 10

Anodic and cathodic polarization curves for carbon steel in 3.5 %NaCl+ 0.5 M HCl
containing different concentrations of (a) CSSB-10, (b) CSSB-14 and (c) CSSB-16

obtained at 60 °C.

Figure 11

Effect of temperature on (a) corrosion current density (Jeorr) and (b) the inhibition
efficiency of carbon steel in 3.5%NaCl +0.5 M HCI (pH=1.21) solution containing 150

ppm of different CSSB inhibitors.

Figure 12

Arrhenius plots for carbon steel corrosion in 3.5%NaCl +0.5 M HCI containing 150

ppm of inhibitors CSSB-10, CSSB-14 and CSSB-16.

Figure 13

Langmuir adsorption isotherms for the adsorption of CSSB inhibitors on carbon steel

in 3.5%NaCl+0.5 M HCI solution at 60 °C.

Figure 14

SEM micrograph of carbon steel electrode surface after immersion in 3.5% NaCIl+0.5

M HCI for 72 h (a) and EDX of the electrode at the same conditions (b).

Figure 15

SEM micrograph of carbon steel electrode surface after immersion in 3.5% NaCl+0.5
M HCI containing 150 ppm of CSSB-16 compound for 72 h (a) and EDX of the

electrode at the same conditions (b).

Figure 16

Optimized structures and frontier molecular orbitals (HOMO and LUMO) for the

studied CSSB compounds, (a) CSSB-10, (b) CSSB-14 and (c¢) CSSB-16.
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Figure 1

First step: Synthesis of 2-chloroacetate derivatives (Ia-c)

(i B (CHz), O
ry benzene n
30—/— OH + Cl-CH,COOH ———> HSC—/__ \—O—C“:—CHZCI
Acid catalyst
a n=6
b n=10 ase
¢ n=12
Second step: Synthesis of Schiff base compounds (II)
CHS Ethanol CH3
CHO + HZN/_—\—N/ _— C=—N <
~ H CHs
CH,4
OH OH 11
Third step: Synthesis of Schiff base cationic surfactants (CSSB)
n(H2C)
o= N N\ ( L+ ClcH,-C- o—/ J —
CHg,
Ta-c
OH II
Nonpolar solvent
CHj fe) H,C)
| i (H2C)e -
ﬁ’;N/_\—I}I*-—CHz—C-O—/ _\_CHa Cl
CH3
OH
CSSB-10 MW= 441.05 g/mol
and
CH3 o) H,C)
] i (H2C)10 -
ﬁ::N/__—\_r\l]"—CHz—C'O—/ —\—CH3 Cl
CHj
OH
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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log frequency/ Hz

Figure 6
120
110 B 3 —&— Blank carbon steel
" —e— 25 ppm
100 [ 1o 50 ppm
E —v— 75 ppm
90 100 ppm
—<4— 150 ppm
80 3 pp
“g 70
<
S
H
N 50
2.5Hz
40 .
100kHz -
30 : 1.99 Hz
20
10
0
0 10 20 30 40 50 60 70 80 90 100 110 120
2
z Reat! SR CIY
22 ¢ 70
20 ;}@@(% o —&— Blank carbon steel [ ]
N s e - 0= 25ppm 1.0
18k < S \ 50 ppm 1
: NS oo WX = V=75 ppm ]
16 £ (30" > L\ 100 ppm 150
{ ; - 150 ppm ]
g J 40
G ]
3 J-30
w -4
= ]
320
310

Phase angle/ degree



Figure 7

2
/Q cm
Imag

log |Z)/ Q em’

225

200

175

150

2.4

2.2

20

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0 S

RSC Advances

183 | —=— Blank carbon steel

1.99 Hz

e

LU JBLJSL IS L LI B N L L L L B L B

Ol T [N U Y T U T T T T Y T T T T T T T T T U T T Y Y O T T 1

—&— Blank carbon steel
—&— 25 ppm
50 ppm

—v—75 ppm
100 ppm
—<4— 150 ppm

150 175 200 225

0 25 50 75 100 125
2
V4 Rea]/ Qcm

%X%%;{%

3 s

E =24

g_w VVV

3 v

P O-00 o oo

—&— Blank carbon steel
- O- 25 ppm
50 ppm
=~~-75 ppm
100 ppm
-3¢ - 150 ppm

log frequency/ Hz

56

Phase angle/ degree

Page 56 of 66



Page 57 of 66

Figure 8

2
1] €2 €
mag

7z

log |Z)/ Q em’

RSC Advances

300

e
275

—&— Blank carbon steel
—0— 25 ppm

250 50 ppm
—v— 75 ppm
225 100 ppm
200 —<4— 150 ppm
175
150
125
100
75
50
25
0
0 25 50 75 100 125 150 175 200 225 250 275 300
Z /Qem’
26 - Real/ y 90
24 %ggw —&— Blank carbon steel f§ 1
F *X(g%% - O~ 25ppm 4 -80
22F X 50 ppm ]
20F % =<~75 ppm .70
100 ppm ]
1.8 --3%-- 150 ]
g = b q -0
1.6 .
1.4 § -0
12 1 40
1.0 ]
08 B 30
0.6 J-20
0.4 b2
e -10
02 far
E (b) :
00 o RN N Y T T W N N YT VN T WY W W T W O VO W W Y T O T N W O o o =~ 0
0.0 0.5 1.0 1.5 25 3.0 3.5 4.0

log frequency/ Hz

57

Phase angle/ degree



Phase angle/ degree

RSC Advances Page 58 of 66

Figure 9
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Figure 10
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Figure 11
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Figure 12
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Figure 13
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Figure 14
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Figure 15
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Figure 16
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Synthesis and evaluation of novel series of Schiff base cationic
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