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Novel Synthesized Schiff Base-based Cationic Gemini
Surfactants: electrochemical investigation, theoretical
modeling and applicability as biodegradable inhibitors for

mild steel against acidic corrosion

Abstract

Three novel Schiff base compounds were synthesized and characterized using
spectroscopic methods (FT-IR, *H NMR and *C NMR). Their critical micelle
concentrations were determined by conductimetric and surface tension measurements.
The inhibition potentials of the prepared surfactants on mild steel corrosion in H,SO,4
have been investigated using electrochemical and scanning electron microscopy
techniques. The results showed that all surfactants are good inhibitors for mild steel
corrosion with the percentage inhibition efficiency of up to 99.21 % at 1.0 mM. The
data showed that the studied surfactants are mixed-type inhibitors. Adsorption of the
inhibitors obeyed the Langmuir isotherm. The results obtained from theoretical

calculations support our experimental studies.
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1. Introduction

Mild steel is a widely used as the constituent materials in various industry
fields because of its high mechanical strength and low cost [1-3]. Industrial
infrastructures include reactors, drums, petrochemical process devices, boilers, and
heat exchangers. In oil and gas industries, aqueous acidic solution (especially
hydrochloric and sulphuric acids) is used for acid pickling of steel, de-scaling, acid
treatment, chemical improvement and processing or production, and oil well
acidification. In this case, the exposure of metal to aqueous acidic solution causes
corrosion, which puts safety and economic parts at high risk [3, 4]. Consequently,
corrosion inhibitors are used to minimize the rate of corrosion and prohibit the metal
from corrosion. This naturally means that it is very important for the workers in the
petroleum and related industries to find efficient corrosion inhibitors [5]. The majority
of the well-known inhibitors which are effective in acid media there are the
organic compounds containing heteroatoms, such as N, O, or S, and/or aromatic rings
and/or multiple bonds, which provide a physical or chemical adsorption zone for the
metal surface [6-8]. However, most of these compounds are toxic and expensive
[9-11]. For this reason, current research activities are being garnered towards
the development of cheap, readily available, and “green” corrosion inhibitors with
high inhibition efficiency even at much reduced concentrations [12, 13].

Schiff base-based gemini surfactants are considered nontoxic and water-
soluble organic compounds [14, 15]. These kinds of compounds have superior surface
activity, surface properties and have interesting rheological properties at low
concentrations [16-18]. Recent publications revealed that the inhibition efficiency of
Schiff bases is much greater than that of corresponding aldehydes and amines in

acidic media for different metals such as steel, aluminum and zinc due to the presence



of a —-CH=N- group in the molecules [19-21]. Schiff bases may also be changed to
surfactant and find application as potential inhibitors [22]. Gemini surfactants
containing imine group and their implementations in corrosion inhibition of metals
are rarely reported.

Recently, a quantum chemical calculation is extensively used for correlating
the molecular structure of inhibitors and their inhibitive performance and it is also
considered a very powerful method to probe the inhibitor/surface interaction and to
analyze empirical data [2, 21, 23].

In the present work, the efficiency of three novel Schiff base-based cationic
gemini surfactants namely, 53,3 '-(pentane-2,4-diylidenebis(azanylylidene))bis(N-(2-
(decyloxy)-2-oxoethyl)-N,N-dimethylpropan-1-aminium) chloride (SBGS-10), 3,3-
(pentane-2,4-diylidenebis(azanylylidene))bis(N,N-dimethyl-N-(2-oxo0-2-
(tetradecyloxy)ethyl)propan-1-aminium) chloride (SBGS-14), and 3,3'-(pentane-2,4-
diylidenebis(azanylylidene))bis(N,N-dimethyl-N-(2-(hexadecyloxy)-2-
oxoethyl)propan-1-aminium)  chloride (SBGS-16) as biodegradable corrosion
inhibitors for mild steel in 1.0 M H,SO, is discussed on the basis of electrochemical
impedance spectroscopy (EIS), potentiodynamic polarization (PDP) data and
scanning electron microscopy (SEM). The critical micelle concentration (CMC) and
the surface parameters of the prepared surfactants were determined by surface tension
and conductivity measurements. Some quantum chemical indices based theoretical

calculations were used to support our experimental investigations.

2. Experimental Section

2.1. Materials
Decyl, tetradecyl and hexadecyl alcohols were obtained from Acros organics

company (Belgium). 2-Chloroacetylchloride (97%), Acetylacetone (97%) and 3-(N, N



dimethylamino)-1-propylamine (99%) was purchased from Aldrich company.
Diethylether (99%), K,COsz (anhydrous) triethylamine (97%), Dichloromethane
(98%), and ethyl alcohol (99%), are high grade and obtained from AL-Nasr chemical
company.

2.2. Instruments

The synthesized compounds were elucidated by spectroscopic tools (FTIR, *H
and **C NMR). The FTIR analysis was done in faculty of science, Benha university
using a thermo Nicolet iS10 FTIR spectrophotometer recorded in KBr. *H NMR (400
MHz) and *C NMR (100 MHz) spectra were done in Sohag university using FT-IR-
ALPHA-BRUKER-Platinum-ATR measured in DMSO-d6.

2.3. Synthesis of Schiff Base cationic Gemini Surfactants (SBGS)

2.3.1. Synthesis of alkyl 2-chloroacetate [compound 1]

In 100 mL round-bottom flask, chloroacetyl chloride (3.86 g, 35 mmol) was
placed in an ice-water bath with continuous stirring. Decyl, tetradecyl and hexadecyl
alcohols separately, triethylamine and dichloromethane (4 g, 35 mmol), (20 mL) were
added slowly through 15 min in ice bath. The reaction mixture was remained under
stirring for 4 h at 25 "C. The solvent was evaporated and separated by rotary evaporator
and the product was obtained and washed several times with distilled water to give the
desired product as a product in 97 % vyield. The structure of Alkyl 2-chloroacetate was
elucidated through the following reported procedure [23].

2.3.2.  Synthesis of  3,3'-(pentane-2,4-diylidenebis(azanylylidene))bis(N,N-
dimethylpropan-1-amine) [compound I1]

Acetyl acetone (10 mmol) was subjected to condensation reaction with 20 mmol
of 3-(N, N-dimethylamino)-1-propyl amine in the presence of 100 mL ethanol as

appropriate solvent. The reaction contents were refluxed for 4-5 h at 70 'C and left to



cool and a product in a viscous liquid form will be produced. Purification of product

will be done through extraction process by ethyl acetate to obtain the Schiff base

compounds (compound I1).

2.3.3. Synthesis of  3,3'-(pentane-2,4-diylidenebis(azanylylidene))bis(N-(2-
(alkyloxy)-2-oxoethyl)-N,N-dimethylpropan-1-aminium) chloride [SBGS-10,
SBGS-14 and SBGS-16 compounds]

In a single-neck flask containing magnetic bar, a prepared compound 11 (10
mmole) was added to containing compound I (20 mmole) in diethyl ether as a solvent
for 92 h at 25 'C with continuous stirring. Solid and viscous products were obtained.
The unreacted materials were removed by washing the obtained products several
times with diethylether to afford the required Schiff base cationic gemini surfactants
(SBGS). The synthetic routes are represented in Fig. 1.

2.4. Electrodes and aqggressive solutions for corrosion inhibition studies

The corrosion tests were carried out on the mild steel specimens with the
chemical compositions (w %) Si 0.18%, C 0.16 %, Mn 0.71%, Ni 0.01 %, Cr 0.01%,
S 0.04 %and Fe (balance). This electrode was used for one time. The cylindrical
shaped of mild steel rod has a diameter of 0.5 cm, length of 3.0 cm and 4.55 cm?
exposed area to fluid.

The aggressive solution of 1.0 M H,SO, was prepared by diluting the
analytical grade 98% H,SO, with bi-distilled water. Various concentrations (0.01—
1.0 mM) of the synthesized Schiff base gemini surfactants (SBGS) were also
prepared in bi-distilled water and used as inhibitors for mild steel corrosion in 1.0

M H,SO;.



2.5. Electrochemical Measurements

Electrochemical experiments were performed in a conventional three-electrode
electrochemical cell with mild steel as working electrode, platinum sheet as counter
electrode and a saturated calomel electrode (SCE) as reference electrode. The
reference electrode was coupled with a lugging capillary to ensure suitable geometry
of cell electrodes for which potential drop is minimized. Before each electrochemical
measurement, the mild steel was immersed in the test solution for 50-60 min to
achieve a steady open circuit potential (OCP).

Electrochemical impedance spectroscopy measurements were performed with
a phase-sensitive detector (amplifier) (Model 5208) driven by using VersaSTAT4
potentiostat/galvanostat with a frequency response analyzer (FRA) contained in a
single unit under aerated conditions. Impedance spectra were recorded at Eco Iin the
frequency range 100 kHz to 0.5 Hz with the ac voltage amplitude of 10 mV.

Potentiodynamic  polarization measurements were performed using
VersaSTAT4 potentiostat/galvanostat under aerated conditions. Potentiodynamic
anodic and cathodic polarization curves were obtained at a scan rate of 0.001 Vst in a
potential range £250 mV versus the corrosion potential (Ecor). All electrochemical
experiments were performed at 323 K.

2.6. Surface tension

The surface tension of SBGS compounds in water and 1.0 M H,SO, was
determined by Tensiometer- K6 processor (KRUSS Company, Germany) via the ring
method [24, 25], between the measurement runs, the ring was initially cleaned with
pure water and acetone. All the measurements were performed at a constant
temperature (298 K), which has been shown to be higher than the Krafft point of the

investigated SBGS compounds (whereas the Krafft point of all three synthesized



surfactants were lower than 5 °C). All aqueous solutions of the synthesized
compounds were remained to stand 2-3 h before determined. The values of surface
tension were determined 3 times for each sample within 3 min interval between each
reading and the values were taken as the average of these recorded values.

2.7. Electrical conductivity

Electrical conductivity measurements of Schiff base gemini surfactant
solutions were done using a digital conductivity meter (model Type AD3000;
EC/TDS and Temperature meter) at 298 K (above the Krafft point of prepared
solutions). The measurement was repeated three times for each solution.

2.8. Biodegradability measurements

Biodegradability test of the synthesized Schiff base gemini surfactant in river
water was measured by the surface tension method via Tensiometer-K6 processor
(KRUSS company, Germany) as reported in [23]. The calculation of biodegradation

percent (D/%) was done as the following equation:

D/% =112 x100 )
Yot =70
where the surface tension at time t is y, the surface tension at time zero is yo, and the
surface tension of river water without surfactant sample at time t is ppt.

2.9. Surface morphological investigations

Freshly mild steel specimens were immersed in 1.0 M H,SO,4 without and with
1.0 mM of SBGS-10, SBGS-14 and SBGS-16 inhibitors for 3 days at 323 K. The
specimens were retrieved after 3 days, dried and used for the SEM analyses. SEM
measurements were performed using scanning electron microscope (JEOL, model

5300) by applying operating voltage of 5 kV.



2.10. Computational simulation

The ground state geometries of the studied SBGS-10, SBGS-14 and SBGS-16
inhibitors were optimized with no constraints using the Density Functional Theory
(DFT) based on Beck’s three parameter exchange functional and Lee—Yang—Parr non-
local correlation functional (B3LYP) [26-28] and the 6-31G(d,p) basis set. Quantum
chemical calculations were carried out using Gaussian-09 software package [29]. The
conductor-like polarizable continuum model (CPCM) was applied to water as solution
phase. The quantum chemical indices calculated were, total energy (Eta), the energy
of the highest occupied molecular orbital (Enomo), the energy of the lowest
unoccupied molecular orbital (E umo), the energy gap (AE= E_umo-Enomo), the
dipole moment (udgipote), the ionization potential (Ip), electron affinity (Ea), Chemical
potential (upotentiar), Global hardness (#), Global softness (o), Electronegativity (x), the
fraction of electron transferred (AN) and Polarizability <a>. The molecular
electrostatic potential (MEP) maps were generated in the range from deepest red color
to deepest blue color to help in the explanation of the experimental data obtained for

the corrosion process.

<<Figure 1>>

3. Results and discussion

3.1. Structure elucidation of the prepared Schiff base gemini surfactants

(SBGYS)

The spectroscopic results obtained from analysis of the prepared compounds are

as follows:
3,3'-(pentane-2,4-diylidenebis(azanylylidene))bis(N,N-dimethylpropan-1-amine)

[compound 11]: FT-IR (KBr pellet) shows characteristic bands at 2777-2946 cm™



(CH alipatic) and 1606 cm™ (CH=N), also showed the disappearance of two carbonyl
band and —NH; band (Figure S1, supporting data).
3,3'-(pentane-2,4-diylidenebis(azanylylidene))bis(N-(2-(decyloxy)-2-oxoethyl)-
N,N-dimethylpropan-1-aminium)  chloride  [SBGS-10]: Brownish-yellow
semisolid, yield = 85%, FT-IR (KBr pellet) cm™ = 2920, and 2853 (vc_, aliphatic
fatty chain), 1748 (vc=o of ester), 1211 (vc.o.c) and 1611 (CH=N). '"H NMR (400
MHz) ¢ (ppm) (DMSO-ds): 0.77(t, 6H, 2[CH3-CH.]), 1.17(s, 28H, 2[(CH3-CH>)/]),
1.42(t, 4H, 2[CH,-N=C]) 1.62(s, 6H, 2[CH3-C=N]), 1.75(m, 8H, 2[CH,-CH,0],
2[CH,-CH,N]), 3.05(s, 12H, 4[CH3-N*]), 3.12(s, 2H, [CH-C=N]), 3.81(m, 4H,
2[CH,-N™), 4.41(s, 4H, 2[CH,-0]), 4.94(t, 4H, 2[CH,-CO]). *C NMR (100 MHz) ¢
(ppm) (DMSO-dg): 14.31[2(CH3-CHy)], 18.81[2(CH3-C=N)], 22.41[2(CH,-CH,-
N™)], 25.44[2(CH3-CH,)], 28.28[2(-CH»-CH,-CH,0)], 29.11[2(-CH»-CH»-CH,0)],
29.48[2(CH3sCH,-CH,)s], 39.58[CH,-C=N]) 51.61[4CH3-N*], 61.46[2CH,-N=C],
62.63[2CH,-N"],  66.28[2CO-CH»-N")], 9557 [2CH,-0], 164.21[2C=N],
165.34[2C=0, carbonyl ester].
3,3'-(pentane-2,4-diylidenebis(azanylylidene))bis(N,N-dimethyl-N-(2-oxo-2-
(tetradecyloxy)ethyl)propan-1-aminium) chloride [SBGS-14]: Buff color, m.p =
88 'C, yield = 87%, FT-IR (KBr pellet) cm™ = 2955, and 2850(vc_n, aliphatic fatty
chain), 1749 (vc=o of ester), 1224 (vc.o.c) and 1606 (CH=N) (Figure S2a;
supporting data). '"H NMR (400 MHz) 6 (ppm) (DMSO-ds): 0.61(t, 6H, 2[CHa-
CH2]), 1.1(s, 44H, 2[(CH3-CHy)11]), 1.37(t, 4H, 2[CH,-N=C]) 1.62(s, 6H, 2[CH3;-
C=N]), 1.75(m, 8H, 2[CH,-CH,0], 2[CH»-CH,N]), 3.04(s, 12H, 4[CH5-N"1), 3.14(s,
2H, [CH,-C=N]), 3.93(m, 4H, 2[%-N+]),4.37(s, 4H, 2[CH,-0]), 4.71(t, 4H, 2[CH>-
CO]) (Figure S2b; supporting data). *C NMR (100 MHz) & (ppm) (DMSO-dg):

14.26[2(CH3-CHy)], 18.79[2(CH3-C=N)], 22.47[2(CH,-CH,-N")], 25.66[2(CHs-
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CHy)], 28.30[2(-CH,-CH,-CH,0)], 29.09[2(-CH,-CH,-CH,0)], 29.44[2(CH3CH,-
CH,)s], 39.56[CH,-C=N]) 51.63[4CH3-N'], 61.41[2CH,-N=C], 62.61[2CH»-N"],
66.26[2CO-CH,-N")], 95.54 [2CH»-0], 163.14[2C=N], 165.29 [2C=0, carbonyl
ester] (Figure S2c; supporting data).
3,3'-(pentane-2,4-diylidenebis(azanylylidene))bis(N,N-dimethyl-N-(2-
(hexadecyloxy)-2-oxoethyl)propan-1-aminium) chloride [SBGS-16]: Pale brown
color, m.p = 98 'C, yield = 90%, FT-IR (KBr pellet) cm™ = 2918, and 2851 (vc_n,
aliphatic fatty chain), 1749 (vc=o of ester), 1196 (vc.o-c) and 1608 (CH=N) (Figure
2a). 'H NMR (400 MHz) ¢ (ppm) (DMSO-dg): 0.86(t, 6H, 2[CHs-CH,]), 1.25(s,
52H, 2[(CH3-CH,)13]), 1.62(t, 4H, 2[CH>-N=C]) 1.91(s, 6H, 2[CH3-C=N]), 1.95(m,
8H, 2[CH,-CH.0], 2[CH»-CH,N]), 2.51(s, 2H, [CH,-C=N]), 3.23(s, 12H, 4[CHs-
N']), 4.18(m, 4H, 2[CH,-N']), 4.59(s, 4H, 2[CH,-0]), 4.96(t, 4H, 2[CH,-CO])
(Figure 2b). **C NMR (100 MHz) & (ppm) (DMSO-dg): 14.26[2(CH3-CH,)],
18.79[2(CH3-C=N)], 22.47[2(CH»-CH»-N")], 25.67[2(CH3-CH,)], 28.31[2(-CH,-
CH,-CH;0)], 29.09[2(-CH,-CH2-CH,0)], 29.45[2(CH3CH2-CHj)11], 39.57[CHy-
C=N]) 51.63[4CH3-N"], 61.44[2CH,-N=C], 62.64[2CH,-N"], 66.28[2CO-CH,-N")],

95.55 [2CH,-0], 163.14[2C=N], 165.29 [2C=0, carbonyl ester] (Figure 2c).

<<Figure 2>>

3.2. Critical micelle concentration and surface-active properties

Studying the critical micelle concentration (CMC) of synthesized Schiff base
gemini surfactants is a conventional method for the measurement of surface tension.
The variations of the surface tension y as a function of the surfactant molar
concentration in water and 1.0 M H,SO, at 298 K is shown in Fig. 3 a, b. It is noted
that the initial raise in the concentration of surfactant leads to the surface tension of

the surfactant solutions decreased rapidly. At the break point, the surface tension

11



began to decrease slowly, indicating the formation of surfactant aggregations. The
concentration value at the break point is shown as the CMC of the synthesized
surfactants. Also it is found that the synthesized Schiff base gemini surfactants with
longer hydrophobic chain have low CMC. Moreover, the values of CMC were
decreased in 1.0 M H,SO, compared with the values in water solutions (Table 1).
These data indicated that the prepared Schiff base gimini surfactants are strongly
adsorbed at steel/H,SO, interface.

Figure 4 represents the relation between electrical conductivity of synthesized
Schiff base gemini surfactants solution (k) and concentration. In each of the plots,
intersect at the point CMC have been obtained from two straight lines with different
slopes. The CMC values calculated from electrical conductivity plots are recorded in
Table 1.

The degree of counter ion dissociation () can be obtained from the ratio of
the slopes above and below the break indicative of the CMC, as shown in Fig 4.
Normally, the degree of counter ion dissociation and the degree of counter ion binding
() have the next relationship: f=1-a. The f parameter is an important for expression
of how many counter ions are contained in the Stern layer to counterbalance the
electrostatic force that opposes to the micelle formation [30]. All values of « and f are
observed in Table 1, it also found that S values decreases slightly with longer
hydrophobic alkyl chain at the certain temperature [31]. As well as from Table 1, it is
noted that using electrical conductivity, the CMC values determined were in
agreement with those obtained using surface tension.

From the critical micelle concentration data and surface tension values, the

effectiveness values (the difference between the surface tension values of pure water

12



(y0) and the surface tension values at CMC (ycmc), memc) Were calculated according to
the following expression (Eg. 2) [31]:

TecME= Y0 - YeMe (2)

The maximum reduction of surface tension can be evaluated the effectiveness of
synthesized surfactant to reduce the surface tension of water. The data in Table 1
showed that the increasing the hydrocarbon chain length led to increase zcmc values.
In addition to, the results showed that the synthesized SBGS-16 more effective
surfactant and the maximum reduction of the surface tension at CMC reach to 36.27
mN m™ [32].

As well as at the air-water interface, the surface area Ami, Showed the packing
densities of Schiff base gemini surfactants, which is crucial to interpreting the surface
activities of gemini surfactants. The value of I'ma describes the accumulation of
surfactant molecules at the air—water interface and can be calculated via the Gibbs

adsorption equation (3) [32]:

-1 dy
! = 2 30anRT (d log cj ®3)
' T
where R is a gas constant; T is the absolute temperature; C is the concentration of
surfactant; y is the surface tension at given concentration; dy/dlogC is the slope of y vs
log C; and n is the number of ionic species whose concentration at the interface varies
with the surfactant concentration in the solution. The value of n is taken to be 3 for
divalent gemini surfactants (the gemini amphiphile species and the two counter ions)
[33, 34]. The minimum area occupied per surfactant molecule at the air/water

interface (Amin in NM?) is calculated by the following equation (4) [34]:

1014

Ain = T XN, (4)

max

where Na is Avogadro’s number. The values of . and Anin are listed in Table 1.

From Table 1, it is found that the surfactant with a longer hydrophobic chain had a

13



higher Anmin value, suggesting that the decreasing in packing densities of gemini
surfactants at the air-water interface with longer the hydrophobic tails. This rule is
agreed with other gemini surfactants, and a possible explanation is that the increasing
in hydrophobic chains length leads to a more prone to curl and thus make the Amin
value larger [35].

From Gibbs equations (Egs. 5 and 6), the standard free energy change of micelle

formation (AG_?. ) and adsorption (AG.,.) of synthesized Schiff base surfactants were

mic ads

calculated according the following equations [36]:

AG?

mic

=(2-a)RTINnCMC (5)

AG?

s = (2—a)RT INnCMC-0.067z¢y,c A (6)
where CMC is the critical micelle concentration, R is a gas constant, T = t+273, zcmc
is the effectiveness; a is a degree of counter ion dissociation and Anin is the minimum

area occupied per surfactant molecule at the air/water interface. The free energies

values of micellization (AG?..) and adsorption (AG_,.) of the synthesized Schiff base

mic ads

gemini surfactants (SBGS-10, SBGS-14 and SBGS-16) were calculated and are listed

in Table 1. When the values of AG?

mic

compared with the values of AG.,, it is noted

ads !

0
ads

that slightly increasing in AG, values than AG,,. values and the more negativity of

values indicates the ability of these surfactants to adsorbed than micellization
tendency due to the preference of adsorption is governed by the thermodynamic

stability of the molecules at the air-water interface [37].

<<Figure 3>>
<<Figure 4>>

<<Table 1>>
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3.3. Biodegradability measurements of synthesized SBGS compounds

Using the surface tension method, the biodegradability in the river water of the
synthesized cationic gemini surfactants was evaluated for 25 day. From Fig. 5, it is
clear that gradually increasing in the biodegradability by increasing the time and
reached to the maximum values after 25 day returned to the synthesized Schiff base
gemini surfactants under investigation have ability to loss the surface activity. In
addition to, there is a direct relationship between the hydrophobic chain length and the
rate of biodegradation. So it is noted from Fig. 5 that the biodegradability increased
by increasing the length of hydrophobic chain. Also due to the presence of an
oxycarbonyl group (-O-C=0-) leads to increase the ability of investigated SBGS
compounds to degrade by the action of the environmental microorganisms.
Furthermore, the highest biodegradation extent was obtained in the case of SBGS-16
at 93%, SBGS-14 at 88% compared to SBGS-10 surfactants at 80%. The values of
biodegradation of these synthesized Schiff base gemini surfactants specified them as
biodegradable compounds. So the synthesized Schiff base gemini surfactants will be
high biodegradability than the other synthesized surfactants and less toxicity, i.e.,
environment friendly [38]. In fact, the biodegradation affinity is which has the ability

to degrade by the action of the environmental microorganisms.
<<Figure 5>>

3.4. Open circuit potential (Ecorr) VS. time measurement

Ecor-time curves for mild steel in 1.0 M H,SO4 solution at 50 °C containing
1.0 mM of synthesized SBGS inhibitors is presented in Fig. 6. It is obvious from the
curve that, Ecor of mild steel in the studied solution without surfactant is shifted to
more noble direction until steady state potential is determined and the Eqr Stabilized

at around —471 mV (SCE). Upon the addition of surfactant molecules to the

15



aggressive system, a positive shift in Eco is produced, i.e.; the potential was shifted to
more noble direction [39]. In the presence of 1.0 mM of SBGS-10, SBGS-14 and
SBGS-16, Eco stabilized at -452, -459 and -466 mV (SCE), respectively. The
divergence in Eo in the aggressive medium with and without investigated inhibitors
indicates that the metal surface was protected and covered by the surfactant

adsorption.
<<Figure 6>>

3.5. Electrochemical impedance measurements (EIS)

The Nyquist, Bode phase and Bode modulus plots of mild steel in 1.0 M H,SO4
in the absence and presence of various concentrations of the investigated SBGS
inhibitors is presented in Fig. 7 a-f. Nyquist diagram shown in Fig. 7 a, ¢ and e
exhibited that, the impedance plots consists of an inductive loop at low frequencies
(LF) and a large capacitive loop at high frequencies (HF) both in the absence and
presence of studied inhibitors. The inductive loop at LF generated from the adsorption

relaxation of intermediates such as H;,. andSO?", displaying negative change in the

ads
surface coverage with potential on the metal surface [40]. The large capacitive loop at
HF could be imputed to the double layer capacity in parallel with the charge transfer
resistance (Rc). The occurrence of two time constants for steel corrosion at the
corrosion potential value (Ecor) in the absence and presence of inhibitors has been
reported [41]. Inspection of Fig. 7 a, ¢ and e reveals that increase in the diameter of
the Nyquist semicircles in the presence of the surfactants as compared to that without
the inhibitors. This also increases with increase in the inhibitors dose. This suggests
that the studied SBGS surfactants change the impedance response of mild steel in 1.0

M H,SO, possibly due to adsorption of the surfactant molecules on the steel surface

16



and the degree of surface coverage by the adsorbed molecules increases with increase
in inhibitor concentration in solution.

The depressed semicircular feature of the Nyquist plots is the characteristic
of solid electrodes, and it is often regarded as frequency dispersion due to different
possible forms of inhomogeneity [42, 43]. One other overt behavior of the Bode and
phase modules in Fig. 7 b, d, f especially in the presence of the surfactants is the
appearance of the second time-constant at higher frequency, which suggests the
formation and/or adsorption of intermediate corrosion products and/or steel-surfactant
complexes. Moreover, phase plots reflect apparently higher values of the phase angles
in the presence of the surfactants. These features can be attributed to the formation of
protective films of the inhibitor molecules on the steel surface making it to exhibit
relatively closer resemblance to an ideal capacitor than the metal surface in the acid
blank system without the inhibitor molecules [44].

The impedance data were analyzed by fitting to the equivalent circuit
model as depicted in Fig. 8 for mild steel corrosion in 1.0 M H,SO,4 and containing
1.0 mM SBGS-14. The circuit (Fig. 8 inset) consists of solution resistance Rs, the
constant phase element (CPE) in parallel to the parallel charge transfer resistor, the
charge transfer resistance, R, in addition the inductive elements, R, and L for H,SO4
corrosive medium. A CPE was used allowance of double-layer capacitance (Cgj) in
the equivalent circuits in order to fit the data more accurately [45]. CPE have been
used intensively to account for deviations brought about by surface roughness. The

impedance of CPE can be represented as [46]:

1 1

=—X

Z
T Y% (o

(7)
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where j=(-1) is an imaginary number; w is the angular frequency in rad s' Q; Yo is the
CPE constant and n is the CPE exponent which can be used as a criterion of the

heterogeneity or roughness of the surface. For n = 1, a capacitance with C =Y, for
n=-1, an inductance with L =Y, * and for n = 0.5, a Warburg element with W = Y. In

this study, we can obtain Yo and n values, and transform Y, into Cgy using the
following equation (8) [44]:

Cai = Yo (27 1y )n_l (8)
Here fnax IS the frequency at a maximum point of imaginary part impedance. The
impedance parameters including the R, Rs, Cai, Yo, R, 0, L, Rp and the percentage
inhibition efficiency values (Pgis%) are reported in Table 2. The Pg;s and R, were

calculated from the R values as [47]:

P /%= [uJ x100 9
Rct
_ R xR, (10)
" R_+R,

where R! andRY are the charge transfer resistances with and without inhibitors,

respectively. Results presented in the Table 2 reveal that the addition of studied Schiff
base gemini surfactants to the aggressive solution increased the magnitude of Ry, with
corresponding decrease in Cg, which implies that the SBGS inhibitors minimize the
rate of charge transfer process associated with the corrosion reaction, and it is
indicative of the corrosion inhibition characteristics of the studied SBGS surfactants
[48, 49]. More so, the decrease in the Cgy in the presence of surfactants, which can
result from a decrease in local dielectric constant or an increment in the thickness of
the electrical double layer (or both), suggesting the formation of the protective layer

of the inhibitor molecules on the steel surface act by adsorption at the steel/H,SO4

18



interface [50]. The decrease in Cy is in accordance with Helmholtz model given by

the following equation [49]:

& A
CdI: C(I)

where ¢ is the dielectric constant of the medium, d is the thickness of the protective

11)

layer, A is the effective area of the electrode and & is the vacuum permittivity. Based
on Helmholtz model (Eqg. 11), the decrease in the Cgy value demonstrates that the
protective layer becomes thicker with increasing of inhibitor dose; this makes the
corrosion inhibition more effective. Inspection of the data in Table 2, it was found
that, the values of inhibition efficiency for mild steel corrosion in 1.0 M H;SO4
increases with increase in concentration of SBGS inhibitors till reaching their
maximum value at 1.0 mM. It is also visible from the data that Pgs/% (SBGS-16) >
Peis/% (SBGS-14)> Pgis/% (SBGS-10) at all concentrations, which implies a better

interaction of SBGS-16 on steel surface than the other compounds.

<<Figure 7>>
<<Figure 8>>

<<Table 2>>

3.6. Potentiodynamic polarization (PDP) measurements.

The potentiodynamic polarization (PDP) curves for mild steel in 1.0 M
solution of H,SO,4 without and with various concentrations of the Schiff base gemini
surfactants, and at 50 °C are shown in Fig. 9 a, b and ¢ for SBGS-10, SBGS-14 and
SBGS-16, respectively. The polarization plot for mild steel in 1.0 M H,SO; in the
absence of the inhibitors shows initial sharp increase in both cathodic and anodic
current densities attributed to the cathodic hydrogen reduction reaction and anodic

partial reaction involving the early dissolution of mild steel [51]. The polarization
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curves in the presence of the inhibitors show that SBGS-10, SBGS-14 and SBGS-16
compounds reduce both the cathodic and anodic corrosion current densities compared
with those in H,SO4 free inhibitors. This indicates that the inhibitors act as adsorptive
rust preventing materials, without proton reduction or metal dissolution at the
metal/acid interface. That is, the investigated surfactants cover the active sites on the
steel surface, which leads to the protection of metal surface against acid corrosive
attacks and reduces oxidative dissolution and retards a hydrogen evolution reaction
[52, 53].

Electrochemical kinetic parameters such as corrosion potential (Ecor),
corrosion current density (Jecorr) and cathodic and anodic Tafel slopes (5: and fa,
respectively) for the mild steel in all solutions (with and without inhibitors) were
obtained using the Tafel extrapolation method. These values in addition to the value

of the percentages of the inhibition efficiency (Pppp, %) are listed in Table 3. The

0
corr

) and presence (J. ) of the

values of corrosion current density in the absence (J corr
inhibitors were used to determine Pppp and the surface coverage (6) according to the

equation (12) [1]:

Popp /% = (QJ x100 = 0x100 (12)

0
corr

Results in the Table 3 demonstrate that J.,r decreases significantly in the presence of
SBGS compounds compared to the blank solution and also decreases with increasing
concentration of the surfactant. In other words, the Pppp increases with increase in
concentration of the studied SBGS inhibitors. This indicates that as the concentration
of the investigated surfactants increases, more molecules of the inhibitors or
steel/surfactant complexes adsorb on the surface of mild steel thereby increasing the 6

and also the Pppp. This observation is a direct indication of the corrosion inhibition
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characteristics of the studied SBGS compounds. The magnitude of the relative shift in
Ecorr after the addition of an inhibitor compared to the blank solution is often used to
characterize an inhibitor an anodic, cathodic or mixed-type. A shift in Ecor> £85 mV
is generally attributed to an inhibitor of anodic or cathodic mitigating effect, while a
shift in Ecor < £85 mV implies that the inhibitor is of mixed effect, that is, it inhibits
both anodic metal dissolution and cathodic reduction reaction [54, 55]. The data in
Table 3 showed that for the studied Schiff base gemini surfactants, the shifts in Ecor
over the whole concentration range are less than 85 mV, which implies that SBGS-10,
SBGS-14 and SBGS-16 compounds are mixed-type inhibitors. The values of the
cathodic (5c) and anodic (f,) Tafel slopes change with change in concentration. This
suggests that the inhibitive actions of the studied surfactants are concentration
dependent. The change in £, values with change in concentration are generally more
pronounced than change in g values. Moreover, f. are also found to be greater than
the respective f,. This suggests that the inhibitors reduce the rate of the cathodic
partial reaction by blocking the active sites involved in the cathodic hydrogen
evolution without altering the mechanism of the cathodic reaction, while on the other
hand, the anodic mild steel dissolution might have witnessed some change in
mechanism as informed by the large change in £, values, which is also inferable from
the appearance of the anodic limiting current plateau in the polarization curves. A
comparison of Pppp % values of SBGS-10, SBGS-14 and SBGS-16 as shown in Table
3 revealed that SBGS-16 exhibits better corrosion inhibition potentials than SBGS-10
and SBGS-14 over the concentration ranges considered in this study. Since the three
studied surfactants differ in the length of the alkyl group “R” (R = 16 in SBGS-16; R
=14 in SBGS-14; R =10 in SBGS-10) as shown in Fig. 9, it can be inferred that the

higher Pppp/% of SBGS-16 compared to SBGS-10 and SBGS-14 is as a result of the
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increased alkyl chain length. Longer alkyl chain has been reported to favor higher
Pppp% due to increased adsorption at surface layers [56]. The efficiency order of the
tested inhibitors at all concentrations is as follows: SBGS-16 > SBGS-14 > SBGS-10.

This order is the same as the one obtained from EIS measurements.

<<Figure 9>>

<<Table 3>>

3.7. Adsorption Isotherm and thermodynamic parameters

In order to investigate the adsorption mechanism of corrosion inhibitor on
steel/acid interface, adsorption isotherms were plotted. In the present study, the
experimental data for the adsorption of SBGS-10, SBGS-14 and SBGS-16 inhibitors
were subjected to various adsorption isotherms including the Flory-Huggins,
Langmuir, Frumkin, Temkin and Freundlich isotherms. Among the different isotherm
models tried, the most suitable one was selected with the help of regression
coefficient R? (Table 4). Langmuir isotherm was found to be the most suitable mode
to fit experimental data, with all linear R? very close to unity, indicating that
adsorption process of 1 BGS-10, SBGS-14 and SBGS-16 on mild steel in 1.0 M
H,SO, obeys Langmuir isotherm. The linear form of the Langmuir isotherm is

expressed as [2]:

&zci_{_i (13)
0 K

where C; is the concentration of the inhibitors, 6, the degree of the coverage, Kags IS

ads

the equilibrium constant of adsorption process of corrosion inhibitors. The values of 4
can be determined from the potentiodynamic polarization measurements by equation

12. Plots of Ci/@vs. C; at 323 K give straight line as presented in Fig. 10. The change
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s}
ads

in Gibb’s free energy of adsorption (AG,,.) is related to the K,qs by the equation (14)

[3]:
AGY,. =-RT In(C,,K,..) (14)

ads
where Cyy is the molar concentration of water in acid solution which is 55.5 M [57], R

is the gas constant and T is the absolute temperature. The values of AG;,. and Kggs for

ads
the studied SBGS inhibitors were calculated. Large values of K, imply better
adsorption due to strong electrostatic interactions or enhanced charge transfer between
the inhibitor molecules and steel surface. It can be seen that the values of K,y follow
the order: Kags (SBGS-16; 15.38x10%) > Kygs (SBGS-14, 10.52%10%) > Kags (SBGS-10;
6.82x10%), which reveal that SBGS-16 possess stronger adsorption affinity onto the
steel surface than SBGS-14 and SBGS-10, and thus SBGS-16 exhibits better
inhibitive performance. Generally, adsorption of inhibitors on the surface of metal is
classified as a physical adsorption mechanism, involving electrostatic interactions

between the charged inhibitor molecules and the charged metal surface, when the

0
ads

value of AG?

ads

is less negative or around -20 kJ/mol. A value of AG,,, more negative

or around -40 kJ/mol suggests that the adsorption of an inhibitor on the metal surface
features chemisorption mechanism, involving charge sharing or charge transfer from

organic inhibitor molecule to the metal surface to form a coordinate type of bond [57].

In the present study, the values of AG_, obtained for SBGS-10, SBGS-14 and SBGS-

ads
16 were found to be -40.67, -41.84 and -42.85 kJ mol™, respectively, suggests that the
surfactant molecules can adsorb on the metal surface with a typical of chemisorption
mechanism, implying the formation of a stable protection layer [58]. This type of
adsorption mechanism can be discussed in terms of the interaction between z-
electrons of surfactant molecules and vacant d-orbitals of metal surface to form

coordination bonds by charge or electrons transfer [59].
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<<Figure 10>>

<<Table 4>>

3.8. Surface characterization by SEM

The SEM images of mild steel specimens after the immersion in 1.0 M H,SO4
for 3 days in the absence and presence of 1.0 mM of SBGS-10, SBGS-14 and SBGS-
16 compounds are shown in Fig. 11. It can be seen from Fig. 1la that the steel
specimen in 1.0 M H,SO, solution without inhibitors was strongly corroded and
damaged due to free acid corrosion of the steel surface in the uninhibited corrosive
environment, resulting in a heterogeneous and rough surface of mild steel in the
investigated aggressive solution. In contrast, in presence of 1.0 mM of the
investigated inhibitors, the surface morphology of the specimens was uncommonly
improved resulting in the observation of smoother and less corroded surfaces (Fig. 11
b, ¢ and d). These micrographs confirmed the formation of protective layer on the
surface of mild steel by the surfactant molecule, which shielding it from the direct
acid attack and thereby minimizing the corrosion rate effectively. Moreover, the mild
steel surface with SBGS-16 inhibitor (Fig. 11d) is smoother slightly than counterpart
with SBGS-10 and SBGS-14 compounds, which also support the results obtained

from EIS and PDP measurements.

<<Figure 11>>

3.9. Corrosion inhibition mechanism by SBGS compounds

The adsorption mechanism of the surfactant molecules at steel/acid interfaces
is affected by the chemical structures of the surfactants, the nature and charged metal
surface and the allocation of charge over the whole surfactant molecule. The

hydrophobic chain length plays an important role in the corrosion inhibition of the
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surfactant molecules. The results in Tables 2, 3 reveal that the inhibition efficiency of
the prepared SBGS compounds increments with increasing the hydrophobic chain
length at the studied temperature. These chains are situated vertical to the steel surface
[14], that repulse the polar molecules from the surface of metal and consequently
decreases the aggressive effects of the acid solution on the metal surface by formation
of adsorbed monolayer on the metal surface [60-62]. The studied surfactants can
adsorb on the steel surface through one and/or more of the following:

I. Donor—acceptor interaction between the z-electron of double bond of
carbonyl group and lone pair of electrons of nitrogen atoms of azomethine
group (—CH=N-) and vacant d-orbital of the steel surface, which decreased
the anodic dissolution of mild steel.

I1. Electrostatic interaction between the positive charge (quaternary nitrogen
atom; N*) on the prepared SBGS inhibitor and the already-adsorbed SO5

ions, which decreased the evolution of hydrogen.
I11. Interaction between unshared electron pairs located at nitrogen and oxygen

atoms and the vacant d-orbital of the steel surface.
The stability of the adsorbed monolayer on the steel surface may be due to the
attraction forces occurring between the negatively charged metal surface and the
positively charged head groups [63]. In addition to, the hydrophobic tail of the
synthesized surfactants forms consecutive protective layers, which isolate the surface
of steel from the aggressive acid solution.

3.10. Quantum chemical calculations

In this work theoretical measurements was used to investigate the inhibitory
action of SBGS-10, SBGS-14 and SBGS-16 compounds in the gas and water media

using B3LYP methods with 6-31G (d,p) basis set. Theoretical calculations can spread
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light on experimental investigations or even predict some experimentally unknown

properties [64]. The gas phase optimized structures and the respective HOMO and

LUMO electron density surfaces of SBGS-10, SBGS-14 and SBGS-16 inhibitors are

shown in Fig. 12.

3.10.1. Frontier molecular orbital (HOMO and LUMO orbitals) characteristic of
the investigated inhibitors

According to the theory of quantum chemistry [65, 66], the interaction
between reactants only happens in frontier molecular orbital. To analyze the
adsorption process of the corrosion inhibitors we take HOMO and LUMO of the
compound molecules into consideration.

The Epomo indicates the ability of the molecule to donate electrons to an
appropriated acceptor with empty molecular orbitals, whereas the E ymo indicates its
ability to accept electrons. The lower the value of E_ymo, the more ability of the
molecule is to accept electrons [67].

The higher the value of Exomo Of the inhibitor, the easier is its ability to offer
electrons to the unoccupied d-orbital of metal surface, and the greater is its inhibition
efficiency. As is seen from Table 5 by increasing the alkyl chain, SBGS-14 and
SBGS-16 have the highest value of Enomo Which indicates that have high inhibition
efficiency. The E ymo of SBGS-14 and SBGS-16 inhibitors are lower than SBGS-10
which implies that better inhibition efficiency, but in water medium there is no trend
observed.

The frontier molecular orbitals (FMO) distributions are of major importance in
characterizing the adsorption priority of the inhibitors. The HOMO and LUMO
molecular orbitals of the studied inhibitors are given in Fig. 12. The results display

that the HOMO orbitals are mostly localized on nitrogen and hydrogen (methyl
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ammonium), which will probably give to the inhibitors a strong adsorption onto the
mild steel surface throughout this site. furthermore, the HOMO orbitals are partially
localized on the oxygen (carbonyl) indicating that it should be a probable adsorption
site onto the mild steel surface as well but with less importance when compared to
nitrogen and hydrogen (methyl ammonium). However, the LUMO is almost
completely localized on the two chlorides and the second nitrogen (methyl
ammonium).

The energy gap, AE between the HOMO and LUMO orbitals pointed the
chemical reactivity of the studied inhibitors. The obtained values of AE indicate that
the substitution of the hydrogen atom in SBGS-10 by butyl group (SBGS-14) or by
hexyl group (SBGS-16) decreases the value of the energy gap. The smaller the value
of AE, the more is the probable inhibition efficiency the compound has [68-70]. It was
shown from Table 5 that inhibitors SBGS-14 and SBGS-16 have the smallest
HOMO-LUMO gap compared with SBGS-10. Accordingly, SBGS-14 and SBGS-16
molecules have more inclination to adsorb on the metal surface than the SBGS-10
molecule.

3.10.2 .The dipole moment (#dipote)

The dipole moment, udgipole, 1S the measurement of net molecular polarity.
Popova et al., [71] declared that the high value of dipole moment encourage
adsorption by affecting the transfer process through adsorbed layer. The energy of the
deformability increases with the increase in ugipole, Making the molecule easier to
adsorb at the mild steel surface. The dipole moment of three inhibitors SBGS-10,
SBGS-14 and SBGS-16 show the same trend as obtained for the energy gap.

3.10.3 .Total energy (Etotar)
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The total energy values of the studied SBGS models are listed in Table 5. The

order of increasing total energy of the undertaken inhibitors is as follows:
Etotal (SBGS-10) < Ejotal (SBGS-14) < Eiotal (SBGS-16)

This result indicated that SBGS-16 inhibitor is favorably adsorbed through the active
centers of adsorption on onto the mild steel surface.
3.10.4 .lonization potential (I1p) and electron affinity (Ea)

lonization potential (Ip) and electron affinity (Ea) are related to the energy of
the HOMO and the LUMO according to Koopman’s theorem [72].

Ip=-Enomo (15)

Ea=-ELumo (16)
lonization potential is defined as the amount of energy required to remove an electron
from a molecule. High lonization energy show chemical inertness and small
ionization energy show high reactivity of the atoms and molecules [73]. In this study
ionization potential of SBGS-14 and SBGS-16 have lower value than SBGS-10
indicates that SBGS-14 and SBGS-16 possesses high inhibition efficiency.
3.10.5. Electronegativity (x), chemical hardness (n) and chemical softness (o)

The electronegativity (y) and chemical hardness (1) were estimated as linear

combinations of the calculated I, and Ea [72]:
I, +E,

. )

X = /upotential =

_ 1 —E,
="

Chemical softness (o) is the inverse of the hardness [74] estimated by using the

(18)

equation (19):
oc== 19
7 (19)
The order of electronegativity of the studied inhibitors are shown in Table 5 as SBGS-

10 > SBGS-14 = SBGS-16. According to Sanderson’s electronegativity equalization
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principle [75], an increase in the difference of electronegativity between the metal and
the inhibitor is observed in the order SBGS-10 < SBGS-14 ~ SBGS-16. With a high
electronegativity and low difference of electronegativity speedily reaches equalization
and low reactivity is expected which in turn marks low inhibition efficiency.

The molecular reactivity of the corrosion inhibitors are investigated from
chemical hardness () and softness (o) [76]. It is obvious that the chemical hardness
principally signifies the resistance towards the deformation or polarization of the
electron cloud of the atoms, ions, or molecules under small perturbation of chemical
reaction [77, 78]. These quantities are connected with the Lewis theory of acid and
bases and Pearson’s hard and soft acids and bases [79]; a hard molecule has a large
energy gap AE and a soft molecule has a small energy gap AE. Soft molecules are
more interactive than hard ones because they could easily offer electrons to an
acceptor. Adsorption occurs most likely at the region of the molecule where ¢ has the
highest value [80]. In a corrosion system, the inhibitor acts as a Lewis base while the
metal acts as a Lewis acid. Bulk metals are soft acids and thus soft base inhibitors are
most effective for acidic corrosion of these metals. The order of the inhibitors
according to softness value was found to be SBGS-16 ~ SBGS-14 > SBGS-10.

3.10.6. The global electrophilicity ()

The global electrophilicity index (w) introduced by Parr [80] as a

measurement of energy reducing due to maximal electron flow between donor and

acceptor and is given by equation (20) [80]:

2
= Hpotential (20)
2n
Electrophilicity provide information on the nucleophilic or elecrophilic nature of the
molecule. A good nucleophilic is recognized by lower value of chemical potential and

electrophilicity and reciprocally a good electrophilic is recognized by a high value of
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chemical potential and electrophilicity. In this study SBGS-14 and SBGS-16 are
strongest nucleophile.

This index measures the propensity of chemical species to accept electrons
[81]. A good, more reactive, nucleophile is characterized by lower value of w; and
conversely a good electrophile is characterized by a high value of w. This new
reactivity index measures the stabilization in energy when the system acquires an
additional electronic charge AN from the environment.
3.10.7. Natural bond orbital analysis (NBO)

Since atomic charges affects the electrostatic interactions of the compounds.
Thus, atomic charges are used for the characterization of the molecular polarity of
molecules. The total atomic charges of the SBGS-10, SBGS-14 and SBGS-16
inhibitors are calculated using NBO [82] analysis as implemented in the Gaussian 09
program with B3LYP/6-31G (d,,p) method and the results are shown in Figure 13. It
is well known that the hetero atom with more negative charge is more reactive toward
the interaction with the metal surface [83, 84]. So, from the resulted values one can
conclude that nitrogen atoms and oxygen atoms possess the highest negative atomic
charges indicating that the compounds can effectively inhibit the corrosion of the steel
through adsorption on its surface via their active sites (N and O atoms).
3.10.8. The fraction of electron transferred (AN) and electrostatic potential maps

The fraction of electron transferred can be calculated according to Pearson

theory [85].

Xre — Xinh
AN = _ZtFe_Ainh (21)
2(77Fe + ninh)
where yre and yinn denote the absolute electronegativity of iron and inhibitor molecule,
respectively, nre and zinn denote the absolute hardness of iron and the inhibitor

molecule respectively. In this study, we use the theoretical value of yr.=7.0 eV [86]
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and nre= 0 is used assuming that for a metallic bulk 1, =Ea [87] because they are
softer than the neutral metallic atoms.

From Lukovits’s study [81]. If AN < 3.6, the inhibition efficiency increases by
increasing electron-donating ability of these inhibitors to donate electrons to the metal
surface and it increases in the following order: SBGS-16 ~ SBGS-14 > SBGS-10. The
results denote that AN values correlates highly with experimental inhibition
efficiencies. Thus, the highest fraction of electrons transferred is connected with the
best inhibitor, whereas the least fraction is connected with the inhibitor that has the
least inhibition efficiency.

Gomez et al., [88] proposed simple charge transfer model for donation and
back-donation of charges which gives the information that the electronic back-
donation process can be occurring controlling the interaction between the inhibitor
molecule and the metal surface. The concept confirms that if both processes occur,
namely charge transfer to the molecule and back-donation from the molecule, the
energy change is related to the hardness of the molecule, as shown in equation (22)
[88].

AE g0k donation = _% (22)

The AEgack-donation Means that when » > 0 then AEgack-gonation < O the charge transfer to a
molecule, followed by a back-donation from the molecule, is energetically favored
[85]. The values of AEgack-donation fOllow the order SBGS-10 < SBGS-14 ~ SBGS-16
which indicates that back-donation is favored for the SBGS-14 and SBGS-16
inhibitors.

Molecular electrostatic potential MEPs are studied for all the optimized

structures (Fig. 14). In all the structures the negative charge density is localized on the
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nitrogen (methyl ammonium), and oxygen (carbonyl) atoms indicating a high ability
in metal coordination
3.10.9. Polarizability (<a>)

The electric dipole polarizability, (<a>) is another global property that
provides information about the distribution of electrons, which can be calculated
using equation (23) [89--91]:

<a >:%(ocXx ta,, +a, (23)
According to Table 5 SBGS-16 inhibitor has the highest polarizability which probably
increases its adsorption on the metal surface and increases the inhibition efficiency.
3.10.10. Quantitative Structure—Activity Relationships (QSAR)

Quantitative Structure—Activity Relationships (QSAR) is used to relate the
quantum chemical parameters to experimental inhibition efficiency of the studied
inhibitors and drive the mathematical relationships [59, 92, 93]. The non-linear
mathematical model [94] is used to correlate quantum chemical parameters (Enomo,
ELumo, energy gap, dipole moment, polarizability and the fraction of electron transfer)
at different inhibitor concentrations C;, with the experimental inhibition efficiencies.

The non linear model has the form [59]:

o os_ (AX;TBC,

cal . %100 (24)
1+ (AXj+B)C,

where A and B are constants obtained by regression analysis; X; is a quantum
chemical index characteristic for the molecule j and C; denotes the inhibitor
concentration. The obtained equations for the non linear model in the case of gas and

water media respectively are as follow [59]:

b oy — (30B00E, 0 —43117E, 0 +107630AE +17977 1 + 63923AN + 283c +162226) x C,

| % = 100 (25)
1+ (—30800E op0 — 43117E, o +107630AE +17977 4 + 63923AN + 283a +162226) x C,
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b /o (27957Byou ~35E o + 7T0302AE +141384 ~160367AN + 227¢: +162462)xC, ) oo (26)
! 1+ (-27957E, om0 — 3-5E, o + 70302AE +14138 —160367AN + 227 +162462) x C,

The calculated efficiencies from the equations 25 and 26, at different concentrations
of the studied inhibitors are given in Table 3. In gas and water media the nonlinear
method gives correlation coefficient r=0.85 and low determination coefficient
R?=0.72 that not accepted.

To improve the deviation, linear model is used to correlate quantum chemical
parameters (polarizability « and total energy TE) at 1.0 mM inhibitor concentrations
Ci, with the experimental inhibition efficiencies. In gas and water media the obtained
equations for linear model are as follow:

P, /% =—1.7913TE — 6.1829¢ — 2041.4451 (27)

P, /% =—-9.6009TE — 26.8799« —11113.6680 (28)

cal

The linear method gives good and accepted determination coefficient R?=1.00 and
residual sum of squares: rss = 3.7201x10™* for gas medium. In water medium
Coefficient of Determination R’>= 0.999 and Residual Sum of Squares: rss=
9.3854x107.

<<Figure 12>>

<<Figure 13>>

<<Figure 14>>

<<Table 5>>
4. Conclusions

Three Novel Schiff Base-based cationic gemini surfactants, SBGS-10,
SBGS-14 and SBGS-16 have been synthesized, characterized and applied as
potentials inhibitors for mild steel corrosion in 1.0 M H,SO4. The following

conclusions can be drawn from the results.
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1. All synthesized surfactants inhibit mild steel corrosion in 1.0 M H,SO4
showing the P as high as 99.21 % at 1.0 mM and 323 K, and the P increases
with increasing the inhibitor concentrations.

2. Potentiodynamic polarization measurements revealed that the studied
surfactants are mixed-type corrosion inhibitors.

3. Increasing the hydrophobic chain length increased the efficiency due to greater
adsorption on the metal surface.

4. The adsorption model obeys to the Langmuir isotherm, and the high negative
values of the Gibbs free energy indicate chemical adsorption capability of
SBGS compounds on steel surface.

5. SEM analyses confirmed the formation of protective film of the surfactant
molecules on the steel surface thereby preventing it from direct acid attack.

6. Quantum parameters such as Exomo, ELumo, band gap, (AE), dipole moment,
hardness, softness, electrophilicity index, fraction of electrons transferred,
NBO charges etc. were calculated using DFT at B3LYP/6-31G (d,p) level of
theory and were correlated with the inhibition efficiencies of the studied
inhibitors. According to the QSAR’s linear model of three inhibitors give good
determination coefficient R?=1.00 using polarizability and total energy
chemical parameters at 1.0 mM inhibitor concentrations with the experimental
inhibition efficiencies.

7. The results obtained from both experimental and theoretical studies indicated
that the trend of P/% of the investigated Schiff base gemini surfactants is:
SBGS-16> SBGS-14> SBGS-10.

Consequently, all results showed that, the synthesized compounds are

biodegradable and good inhibitors for mild steel in H,SO4 solution.
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Appendix A. Supplementary material

Figure S1: FT-IR 3,3'-(pentane-2,4-diylidenebis(azanylylidene))bis(N,N-
dimethylpropan-1-amine) [compound I1] and Figure S2: FT-IR (a) *H NMR (b)
and °C NMR (c) spectra of 3,3'-(pentane-2,4-diylidenebis(azanylylidene))bis(N,N-
dimethyl-N-(2-oxo0-2-(tetradecyloxy)ethyl)propan-1-aminium) chloride [SBGS-14].
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31G(d,p) basis set in the gas and water media.
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Table 1:

o
compounds | ST | MC | MY | sl |t | | g | Tl | A | e
kJ mol™
SBGS-10 0.458 0.401 0.450 37.38 34.62 |0.45|0.55 | 3.65x10™° | 0.45 | -29.52 -30.45
SBGS-14 0.440 0.388 0.445 36.82 35.18 [ 0.50 | 0.50 | 3.40x10™ | 0.49 | -28.72 -29.75
SBGS-16 0.399 0.376 0.379 35.73 36.27 | 0.680.32 | 3.25x10™ | 0.51 | -25.59 -26.70

a

CMC values obtained from surface tension measurements in water.

® CMC values obtained from surface tension measurements in 1.0 H»SO,.

¢ CMC values obtained from conductivity measurements.
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Table 2:

Inhibitors | Cipy R/ Rel | Cal R/ R/ L/ Qe
code mM Q cm? Qigg pFem? | Qcom? Q cm? H cm? ug-ollsn n 0 Peis/%
cm?
Blank 0.0 0.43 7.1+0.5 850 6.4 64.9 4.7 68.65 0.795 -- -
001 | 045 | 195:13 309 16.4 1031 | 1311 | 2472 | 0897 | 0.635 | 6358
005 | 048 | 241401 250 20.7 1467 | 1621 | 2023 | 0907 | 0705 | 70.53
s8Gs-10 | 010 | 050 | 420434 140 37.3 2857 | 2894 | 1124 | 0918 | 0834 | 8345
050 | 063 | g5os57 92 56.6 4291 | 4405 736 | 0928 | 0891 | s9.11
1.00 | 09 | 1056483 57 921 7204 | 7112 456 | 0938 | 0932 | 9327
0.01 0.44 24.7+1.9 244 21.3 154.7 16.61 19.52 0.907 0.712 71.25
0.05 0.51 29.6+2.3 203 25.8 200.9 19.92 16.24 0.897 0.760 76.01
sBGs-14 | 010 | 062 | 47.1x42 128 404 | 2841 | 3166 | 1024 | 0918 | 0849 | 8492
0.50 0.65 88.2+6.5 68 78.1 682.2 59.61 5.44 0.928 0.919 91.95
1.00 1.10 146.6+£12.8 41 1259 891.6 98.84 3.28 0.948 0.951 95.15
0.01 0.51 32.7£2.6 184 29.2 272.8 22.02 14.72 0.928 0.782 78.28
0.05 0.57 47.8+£3.8 126 43.2 448.9 32.16 10.08 0.938 0.851 85.14
SBGS-16 0.10 0.70 58.4+4.3 103 53.0 573.1 39.34 8.24 0.928 0.878 87.84
0.50 1.28 107.5+8.7 56 94.5 781.4 72.37 4.48 0.969 0.933 93.39
1.00 2.09 199.6+£16.1 30 173.8 1344.5 135.09 2.42 0.973 0.964 96.44
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Table 3:

_ECOI’I’/

Lo Jcorr/ ﬂa/ ‘ﬂc/ PcaI/% PcaI/%

Inhibitors | Cinn/ ) mV ! L Ppop/
MACM mV dec = | mV dec” 0 From From

code mM (SCE) %
+SD +SD +SD Eq. 25 EqQ. 26
+SD
Blank 0.0 794+56 47116 12611 225+18 - - -

0.01 268.76+21.3 47614 72+6 199+15 0.661 66.15 91.76 90.48
0.05 217.47+17.5 47445 71+5 212413 0.726 72.61 98.24 97.94
SBGS-10 0.10 107.51£7.4 | 467+3 70+4 215417 0.864 86.46 99.11 98.95
0.50 50.34+4.1 451+6 7116 190+12 0.936 93.66 99.82 99.79
1.00 16.04+1.3 45242 7344 207411 0.979 97.98 99.91 99.89
0.01 234.15+23.1 45445 7248 214419 0.705 70.51 91.94 90.72
0.05 165.78+15.7 46414 7544 208+20 0.791 79.12 98.28 97.99
SBGS-14 0.10 69.7145.2 480+3 7116 20115 0.912 91.22 99.13 98.98
0.50 27.31+£1.7 47143 7245 203+12 0.965 96.56 99.82 99.79
1.00 13.34+0.8 459+5 7416 207410 0.983 98.32 99.91 99.89
0.01 204.53+19.8 | 480+5 7144 216+15 0.742 | 74.24 92.02 90.82
0.05 127.35+11.2 459+4 7248 198+10 0.839 83.96 98.30 97.02
SBGS-16 0.10 46.45+£3.5 457+6 7048 20819 0942 | 94.15 99.14 99.00
0.50 14.13+1.2 465+2 7145 21048 0.982 98.22 99.83 99.79
1.00 6.27+0.52 466+4 7246 214+14 0.992 | 99.21 99.91 09.89
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Table 4:

Adsorption
SBGS-10 SBGS-14 SBGS-16
isotherms
Flory-Huggins 0.93915 0.92012 0.94124
Langmuir 0.99976 0.99996 0.99999
Frumkin 0.91231 0.88774 0.87991
Temkin 0.89764 0.89891 0.88996
Freundlich 0.95113 0.94326 0.96113
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Table 5:

Quantum Gas medium Water medium
chemical SBGS-10 SBGS-14 SBGS-16 | SBGS-10 SBGS-14  SBGS-16
parameters Model Model Model Model Model Model
Etotal/ aU -2893.67  -3208.20  -3365.47 -2893.70  -3208.23 -3365.50
<a> 492.33 583.40 628.82 616.46 728.79 784.93
Hpotentiall €V -4.541 -4.536 -4.536 -4.659 -4.657 -4.657
1,/(eV) 5.30 5.29 5.29 5.814 5.810 5.810
Hdipole! Debye 8.96 9.03 9.03 11.44 11.51 11.51
Enomo/ eV -5.30 -5.29 -5.29 -5.814 -5.810 -5.810
ELumo/ eV -3.781 -3.782 -3.782 -3.505 -3.505 -3.505
AE/ eV 1.519 1.508 1.508 2.309 2.305 2.305
nl eV 0.760 0.754 0.754 1.154 1.152 1.152
ol eV'? 1.317 1.326 1.326 0.866 0.868 0.868
v eV 4.541 4.536 4.536 4.659 4.657 4.657
Ea/ eV 3.781 3.782 3.782 3.505 3.505 3.505
o/eV 7.83 7.75 7.75 9.403 9.410 9.410
AEBack-donation -0.189 -0.188 -0.188 -0.289 -0.288 -0.288
AN 2.53 2.54 2.54 -1.013 -1.016 -1.016
Pppp/% ® 97.98 98.32 99.21 97.98 98.32 99.21
Peall% ° 99.91 99.91 99.91 99.89 99.89 99.89

® Pppp/% : Inhibition efficiency obtained from potentiodynamic polarization measurements

® P../%: Calculated inhibition efficiencies of the inhibitors obtained using equations 25, 26, 27 and 28
for gas and water medium, respectively.
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Figure 4
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Figure 6
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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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Highlights

Three novel Schiff Base surfactants have been successfully
synthesized.

All synthesized surfactants inhibit mild steel corrosion in 1.0 M
H,SO,.

The adsorption model obeys to the Langmuir isotherm.
Potentiodynamic polarization studies showed that the studied
surfactants are mixed-type inhibitors.

The results obtained from theoretical calculations support our

experimental studies.
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