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Three novel cationic gemini surfactants were synthesized and their effect on the corrosion of carbon steel
in 15% HCl solution was investigated using weight loss, electrochemical impedance spectroscopy, poten-
tiodynamic polarization, surface analysis (SEM and EDX) and quantum chemical methods. The surface
parameters of the synthesized surfactants were calculated from the surface tension and conductivity

measurements The results revealed that the prepared surfactants were effectively inhibited the carbon
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steel corrosion in 15% HCI. Analysis of polarization data indicates that all surfactants act as mixed type
inhibitors. The inhibitors adsorption on the metal surface obeyed Langmuir isotherm. The correlation
between empirical and theoretical results was discussed.
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1. Introduction

Carbon steel is the most widely used engineering materi-
als including marine applications, metal-processing equipment,
nuclear plants, transportation, pipelines, mining, chemical process-
ing and construction [1-4]. It is usually exposed to strong acids
particularly HCl solutions between 5 and 15% at temperature range
60-80°C in operations like industrial acid improvement, acid pick-
ling processes, acid descaling and oil well acidizing [5,6]. With
a view to decrease the acid corrosion to carbon steel pipeline,
inhibitors are utilized as an effective and economical process. Most
of the used efficient inhibitors contain heteroatom like nitrogen,
oxygen, sulfur and multiple bonds in their molecules through which
they can be adsorbed on the electrode surface [7-9]. Their inhi-
bition performance can be affected by varieties of factors, such as
temperature of the medium [10], metallic kind [11], corrosive envi-
ronments [12] and the molecular structure of the studied inhibitor
[13].

An important corrosion inhibition tool is the use of surfactant
inhibitors. This is attributed to their significant ability to influence
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the properties of surfaces and interfaces. The most important action
of inhibition is the adsorption of the surfactant functional group
onto the metal surface [14], adsorption is critical to corrosion inhi-
bition. The ability of a surfactant molecule to adsorb is usually
due to its capability to aggregate to form micelles. The adsorbed
molecules form a monolayer or bilayer, admicelles or hemimicelles
and prohibit the acids to attack the metal surface, and thus reduce
the corrosion.

Recently, gemini surfactants have been developed as a new gen-
eration of surfactants [15]. This kind of surfactant consists of two
classical surfactant molecules chemically bonded together by flex-
ible or rigid spacer [16]. These surfactants have superior surface
activity, surface properties, very low critical micelle concentration
(CMC) and high solubilising capacity at low concentrations than
corresponding conventional surfactants [17]. While the environ-
mental considerations have the global concern now, the scientists
interested in solving this problem. One of these solutions is to pre-
pare cationic gemini surfactants with readily labile groups such
as ester or amide group [18]. Gemini surfactants as corrosion
inhibitors for carbon steel pipelines in acidic media have been stud-
ied [19-21]. Research activities in present cases are geared towards
developing the non-toxic, cheap and environment friendly corro-
sion inhibitors. Quantum chemical calculations are being used to
investigate the corrosion inhibition mechanism [22,23].In addition,
theoretical calculation can provide insights into the correlation of
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the electronic properties and the corrosion inhibition performance
[24].

The main objective of the current investigation was to synthe-
sis and evaluate three novel cationic gemini surfactants with an
ester linkage as corrosion inhibitors in carbon steel/surfactnt/15%
HCl solution system by means of weight loss measurements,
electrochemical techniques (potentiodynamic polarization and
electrochemical impedance spectroscopy measurements), sur-
face tension, conductivity measurements, biodegradability, surface
analysis (scanning electron microscopic and energy dispersive
X-ray spectroscopy (SEM/EDX)) and theoretical calculation meth-
ods. Adsorption thermodynamic parameters are calculated and
discussed in detail. Besides, an effort is made to illustrate the mech-
anism of corrosion inhibition.

2. Material and Methods
2.1. Materials

Octan-1-amine (97%), dodecan-1-amine (97%), and hexadecan-
1-amine (98%) were obtained from Acros organics company
(Belgium) and used without further purification. 2-Chloroacetyl
chloride (97%) and cyclohexane-1,4-diol (99%), were purchased
from Aldrich company. Acetonitrile (99%), diethylether (99%),
K,CO3 (anhydrous), dimethylformamide (DMF, 97%), triethylamine
(97%), and dimethyl sulphate (98%), were obtained from AL-Nasr
chemical company.

Carbon steel electrode with composition (w%) C 0.16%, Si 0.18%,
Ni 0.01%, Mn 0.71%, S 0.04%,Cr 0.01% and remainder Fe was used
for the electrochemical studies.

The corrosive solution (15% HCl) was prepared by dilution of
AR grade HCI with bidistilled water. The volume of acid solution
was 500 mL. The concentration range of inhibitors employed was
25-200 ppm by weight.

2.2. Methods

2.2.1. Synthesis of the cyclohexane cationic gemini surfactants

The studied inhibitors, namely, N,N’-((cyclohexane-1,4-
diylbis(oxy))bis(2-oxoethane-2,1-diyl))bis(N,N-dimethyloctan-
1-aminium) methyl sulfate (CHOGS-8), N,N’-((cyclohexane-1,4-
diylbis(oxy))bis(2-oxoethane-2,1-diyl))bis(N,N-dimethyldodecan-
T-aminium) methyl sulfate (CHOGS-12) and NN-
((cyclohexane-1,4-diylbis(oxy))bis(2-oxoethane-2,1-diyl))bis(N,
N-dimethylhexadecan-1-aminium) methyl sulfate (CHOGS-16)
were prepared in three steps, as shown in Fig. 1.

2.2.1.1. Synthesis of cyclohexane-1,4-diyl bis(2-chloroacetate) [com-
pound II]. 2-Chloroacetyl chloride (3.86¢g, 35 mmol) was placed
in 100 mL round- bottom flask with a magnetic bar in an ice-
water bath with continuous stirring. Triethylamine (4 g, 35 mmol),
cyclohexane-1,4-diol (2 g, 17 mmol) and dichloromethane (20 mL)
was slowly added over 10 min in ice bath with a constant pressure
dropping funnel. The mixture was stirred for 6 h at room temper-
ature. The solvent was then evaporated by rotary evaporator and
white solid powder was obtained. The solid was washed several
times with bidistilled water and recrystallized from ethanol to give
the desired product as a white powder in 95% yield.

2.2.1.2. Synthesis of cyclohexane-1,4-diyl  bis(2-(alkylamino)
acetate [compound III]. Different alkan-1-amines (octan-1-amine,
dodecan-1-amine and hexadecan-1-amine) (7.4 mmol) in 50 mL
acetonitrile was added separately to a solution of compound II
(1g, 3.7mmol) in 25mL acetonitrile in a round-bottomed flask
(100 mL). The mixture was maintained at 80°C and pH=9 (by
adding 10% K,COs3) for 6h. After the reaction was completed,

the mixture was filtered. The solvent was removed and the solid
product was washed several times and crystallized from ethanol
to give the desired product in 85% yield.

2.2.1.3. Synthesis of N,N’-((cyclohexane-1,4-diylbis(oxy))bis(2-
oxoethane-2,1-diyl))bis(N,N-dimethylalkan-1-aminium) methyl
sulfate[ CHOGS-8, CHOGS-12 and CHOGS-16 compounds]. Synthe-
sized compounds III (10 mmole) was added to a single-neck
flask containing 43 mmol dimethylsulphate in tetrahydrofuran
as a solvent for 72 h at room temperature. Semisolid and viscous
materials were produced. The obtained products were washed
several times with diethylether to remove the unreacted materials
and to afford the required cationic gemini surfactants.

The prepared compounds were elucidated by The FT-IR
spectrum (recorded in KBr on a thermo Nicolet iS10 FTIR spec-
trophotometer), 'H NMR (400 MHz) and '3C NMR (100 MHz)
spectra (measured in DMSO-dg using FT-IR-ALPHA-BRUKER-
Platinum-ATR).

2.2.2. Electrochemical measurements

Electrochemical experiments were performed in a traditional
three-electrode consisted of: a saturated calomel electrode as ref-
erence (SCE), a platinum sheet as a counter electrode, and C1018
carbon steel as working electrode (WE). To obtain steady state open
circuit potential (Eocp) the carbon steel electrodes were immersed
in the tested solution for 50 min before starting the measure-
ments. Impedance measurements (EIS) were carried out at open
circuit potential (Eocp) with the AC voltage amplitude 10mV in
the frequency range from 100 kHz to 0.5 Hz. All of measurements
were conducted with VersaSTAT4 potentiostat/Galvanostat con-
nected to laptop. The potentiodynamic polarization curves were
scanned from —250 mV vs. Eqcp, to +250mV vs. Eqp at a scan rate
of 1.0mVs~!. All measurements were accomplished at 333K. In
order to obtain the impedance parameters, the experimental data
was fitted to the equivalent circuit model using the fit and simula-
tion tool of the Z-View software. All the measurements were carried
out in triplicate and the corrosion parameters values recorded as
mean + standard deviation.

2.2.3. Weight loss measurements

The carbon steel specimens used for weight loss measure-
ments have a rectangular form (3.5 cm x 2 cm x 0.5 cm). They were
abraded with different grade of emery paper washed with distilled
water, and dried in acetone and warm air. The specimens were
weighed and then immersed for up to 24 h in a solution containing
15% HCI with and without different concentrations of each surfac-
tant. Afterwards, the steel sheets were taken out, rinsed thoroughly
with distilled water, dried, and accurately weighed.

2.2.4. Surface tension measurements

The surface tension of aqueous solutions was measured by
Tensiometer-K6 processor (KRUSS company, Germany) using the
ring method and each sample were determined from the average
of three times measurements. All the surfactants aqueous solutions
were allowed to stand 3 h before measured, and all measurements
were performed under 298 K. Before measurements, the surface
tension of the doubled distilled water was confirmed in the range
of 72.04+ 0.3 mN/m.

2.2.5. Biodegradability

In the river water, the biodegradability test of the synthesized
cationic gemini surfactants CHOGS-8, CHOGS-12 and CHOGS-16
was carried out using the surface tension method (Du Noiiy Ten-
siometer (KRUSS K6 tensiometer) at 25 °C [25]. In this method, each
surfactant was dissolved in river water with a concentration of
100 ppm and incubated at 298 K. A sample was withdrawn daily
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Fig. 1. General scheme for synthetic procedure of cyclohexane cationic gemini surfactants (CHOGS-8, CHOGS-12 and CHOGS-16).

(for 21 days), filtered and the surface tension value was measured
three times and the recorded values were taken as the average. Sur-
face tension measurements were made periodically (each day) on
each sample during the degradation [26,27]. The biodegradation
percent (D%) was calculated using Eq. (1):

D(oo) — Yt—Yo

x 100 (1)
Yot — Y0

where: the surface tension at time 0 is ), the surface tension at
time t is y¢ and yy, is the surface tension of river water without
addition of surfactants at time t.

2.2.6. Electrical conductivity measurements

Electrical conductivity of surfactant solutions was performed on
a conductivity meter (model Type AD3000; EC/TDS and Tempera-
ture meter) at 298 K. The measurement was repeated three times
for each solution.

2.2.7. Surface characterization

For surface morphological investigations of the carbon steel
samples in the acidic solutions with and without the optimal con-
centration of the inhibitors, scanning electron microscopic and
energy dispersive X-ray spectroscopy analysis (SEM/EDX) were
performed used the JOL JSM-5500 LV scanning electron microscope
(JOL-Japan) equip with energy dispersive X-ray microanalyzer.

2.2.8. Computational approaches

Quantum chemical calculations were carried out using Gaussian
09 program package [28] at B3LYP/6-31 G (d, p) level of theory [29].
Some of electronic parameters such as energy of the highest occu-
pied molecular orbital (Eyomo), energy of the lowest unoccupied
molecular orbital (E ypmo), energy gap (AE), chemical hardness (),
softness (o), ionization potential (Ip), electron affinity (Ep), elec-
tronegativity (), the fraction of electron transferred (AN) and
dipole moment (j¢) of the investigated cationic gemini surfactants
were calculated.
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3. Results and discussion

3.1. Structure confirmation of the synthesized cationic gemini
surfactants (CHOGS)

The spectroscopic data obtained from analysis of the CHOGS
compounds are as follows:

3.1.1. Cyclohexane-1,4-diyl bis(2-chloroacetate) [compound II]

White color, solid, mp=145°C, Yield=95%. FT-IR (KBr pel-
let) shows characteristic bands at 2921, and 2869cm~! (vC—H
aliphatic), 1749 cm~! (vc=¢ of ester), and 1183 cm~! (vc—o-c) (Fig.
S1a; supporting data).

TH NMR (400 MHz) § (ppm) (DMSO-dg):1.55-1.91 (q, SH, 4
[CH2-]), 4.45 (s, 4H,2[CI-CH2CO]), 4.81 (t, 2H, [CH-O]) (Fig. S1b;
supporting data).

3.1.2. Cyclohexane-1,4-diyl bis(2-(alkylamino) acetate
[compound III]

FT-IR (KBr pellet) displays distinctive bands at 3151 cm~! (vnh),
2923, 2950 and 2852 cm™! (vc_y, aliphatic fatty chain), 1736 cm™!
(ve=o of ester), and 1189 cm™! (ve—o—c).

3.1.3. N,N’-((Cyclohexane-1,4-diylbis(oxy))bis(2-oxoethane-2,1-
diyl))bis(N,N-dimethyloctan-1-aminium) methyl sulfate
[CHOGS-8]

Yellow oily liquid, yield =80%, FT-IR (KBr pellet) cm~1=2921,
and 2869 (vc—y, aliphatic fatty chain), 1750 (vc—o of ester), and
1220 (v c—o-c) (Fig. S2a; supporting data).

TH NMR (400 MHz) § (ppm) (DMSO-dg): 0.92 (t, 6H, 2[CH3-
CH;]), 1.3 (s, 20H,2[(CH3-CH2)5]), 1.72 (m, 4H, 2[CH2-CH, -N*]),
1.98-2.12 (m, 8H, 2[-CH-CH2-CH2CH]), 3.21 (t, 4H, 2[CH2-N"]),
4.11(m, 12H, 2[(CH3)2-N*]),4.81(s,4H, 2[CO-CH2-N*]),4.97(m, 2H,
2[CH-0]) (Fig. S2b; supporting data).

13C NMR (100 MHz) § (ppm) (DMSO-dg): 14.11 [2(CH3-CH,)],
22.25 [2(-CH2-CH3)], 25.22 [2(CH2-CH, -N*)], 27.81 [2(-CH-CH2-
CH2CH)], 29.58 [2(CH3CH,-CH2)5], 31.11 [2(CH2-CH,CH3)], 49.33
[2(C 0-CH2-N")], 53.23 [2((CH3)2-N*)], 58.31 [2(CH2-N")], 66.12
[2(CH-0)], 190.12 [C=0, carbonyl ester] (Fig. S2c; supporting data).

3.1.4. N,N’-((Cyclohexane-1,4-diylbis(oxy))bis(2-oxoethane-2,1-
diyl))bis(N,N-dimethyldodecan-1-aminium) methyl sulfate
[CHOGS-12]

Brown viscous liquid, yield = 85%, FT-IR (KBr pellet) cm~1 =2920,
and 2862 ((vc—y, aliphatic fatty chain), 1752 (vc=¢ of ester), and
1221 (ve—o-c) (Fig. S3a; supporting data).

TH NMR (400 MHz) § (ppm) (DMSO-dg): 0.93 (t, 6H, 2 [CH3-
CH,]), 1.32 (s, 20H, 2 [CH3-CH2]5), 1.72 (m, 4H, 2 [CH2-CH; -N*]),
3.03-3.19(m, 8H, 2 [-CH-CH2-CH,CH]), 3.25 (t,4H, 2 [CH2-N*]), 3.4
(m, 12H, 2 [(CH3)2-N*]), 3.71 (s, 4H, 2 [C 0-CH2-N*]), 3.9 (m, 2H, 2
[CH-O]) (Fig. S3b; supporting data).

13C NMR (100 MHz) § (ppm) (DMSO-dg): 14.78 [2(CH3-CH,)],
24.25 [2(-CH2-CH3)], 27.22 [2(CH2-CH; -N*)], 28.34 [2(-CH-CH2-
CH2CH)], 31.58 [2(CH3CH,-CH2)g], 33.11 [2(CH2-CH,CH3)], 49.83
[2(C O-CH2-N*)], 52.55 [2((CH3)2-N")], 59.37[2(CH2-N")], 64.49
[2(CH-0)], 168.12 [C=0, carbonyl ester] (Fig. S3c; supporting data)

3.1.5. N,N’-((Cyclohexane-1,4-diylbis(oxy))bis(2-oxoethane-2,1-
diyl))bis(N,N-dimethylhexadecan-1-aminium) methyl sulfate
[CHOGS-16]

Yellowish-white semisolid, yield=87%, FT-IR (KBr pellet)
cm~1=2923, and 2861 (vc—y, aliphatic fatty chain), 1751 (vc—g of
ester), and 1219 (vc—o—).

TH NMR (400 MHz) § (ppm) (DMSO-dg): 0.90 (t, 6H, 2 [CH3-

CH,]), 1.30 (s, 20H, 2 [CH3-CH2]s), 1.72 (m, 4H, 2 [CH2-CH, -N*]),
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Fig. 2. Variation of the surface tension with the concentration of the synthesized
cationic gemini surfactants in water at 25 °C.

3.03-3.19 (m, 8H, 2 [-CH-CH2-CH,CH]), 3.25 (t, 4H, 2[CH2-N*]), 3.4
(m, 12H, 2 [(CH3)2-N"]), 3.71 (s, 4H, 2 [C O-CH2-N*]), 3.82 (m, 2H,
2[CH-O)).

13C NMR (100 MHz) 8 (ppm) (DMSO-dg): 14.66 [2(CH3-CH,)],
25.07 [2(-CH2-CH3)], 28.43 [2(CH2-CH, -N*)], 29.89 [2(-CH-CH2-
CH2CH)], 33.77 [2(CH3CH,-CH2);5 ], 39.88 [2(CH2-CH, CH5 )], 54.78
[2(C 0-CH2-N*)], 58.92 [2((CH3)2-N*)], 65.76 [2(CH2-N*)], 72.55
[2(CH-0)], 165.66 [C=O0, carbony] ester].

3.2. Surface activity and electrical conductivity measurements

The surface tension measurement () of the aqueous solutions
of gemini surfactants to the logarithm of concentration at 298 K
had been drawn in Fig. 2. The plots of y versus log C show a break
point at a certain concentration corresponding to the CMC of the
three gemini surfactants. From Fig. 2, the CMC value and the surface
tension at the CMC(ycmc) are showed in Table 1.1t can be noted that
the synthesized gemini surfactant with longer hydrophobic chains
has a lower CMC value. Also as the length of hydrophobic chain
increases, the value of CMC decreased gradually for the enhanced
hydrophobic interaction between the longer alkyl chains.

Besides, the CMC and degree of counter ion dissociation () cal-
culated from the ratio of the slopes above and below the break
indicative of the CMC as shown in Fig. 3. The degree of counter ion
binding (3) could be obtained by using the following relationship:
B=1-c. All values of « and [ are listed in Table 1, it can be noted
that the values of (3 increase slightly with increasing hydrophobic
alkyl chainlength at the appropriate temperature. Also the CMC val-
ues have been determined using electrical conductivity and agreed
with those obtained from the surface tension.

From the values of surface tension (ycpc) at CMC, the effective-
ness values (the maximum reduction of surface tension, ¢y c) were
determined using the following expression:

TeMe = Yo — YeMce (2)

where the surface tension at CMC is ycyc and the surface ten-
sion measured for pure water is yo, the maximum reduction of
surface tension can be used to evaluate the effectiveness of surfac-
tant to lower the surface tension of water. From the data observed
in Table 1, it can be seen that the values of mcyc increased with
increasing the hydrocarbon chain length. As well as the results
showed that the synthesized compound CHOGS-16 more effective
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Table 1

Surface active properties of the synthesized cationic gemini surfactant compounds (CHOGS-8, CHOGS-12 and CHOGS-16).

Compounds  CMC*/mM  CMCP/mM Yemc/mNm~! Teme/mNm—! B Imax/molcm=2  Apin/nm? AGY, [k]mol~! AGY, [Kjmol~!
CHOGS-8 0.320 0.267 42.52 29.48 0.54 0.46 3.30x 10" 0.50 —29.08 —29.96
CHOGS-12 0.200 0.216 38.34 33.66 0.43 0.57 3.80x 10" 0.43 -33.13 —33.99
CHOGS-16 0.072 0.067 34.78 37.22 0.40 0.60 4.03 x 10'° 0.41 -37.81 —38.72
3 CMC values obtained from surface tension measurements.
b CMC values obtained from conductivity measurements.
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Fig. 3. Plotting of specific conductivity against concentration of the synthesized
cationic gemini surfactants (a) CHOGS-8, (b) CHOGS-12 and (c) CHOGS-16 in water
at25°C.

surfactant, which realized the maximum reduction of the surface
tension at CMC reach to 37.22 mN m~! [30]. At the air-water
interface, the packing densities of the synthesized three gemini
surfactants are very important to interpret the surface activities
of different gemini surfactants. The calculation of maximum sur-
face excess concentration at the air/water interface (I 'max) can be
carried out via Gibb’s isotherm equation (3) [31]:

Fmax =

-1 ( dy ) 3)
2.303nRT \ dlogC/

where R is a gas constant; dy/dlogC is the slop of y vs log C; T is
the absolute temperature; and n is the number of ions dissociation
that originate in solution by presence the surfactant. The value of
n is taken to be 3 for synthesized gemini surfactants which are a
divalent surfactant ion and two univalent counter ions [32,33]. The

Biodegradability/ %

Time/ day

Fig. 4. Variation of biodegradation (%) with (day) the time for the synthesized
cationic surfactants.

minimum area occupied per surfactant molecule at the air/water
interface (A, ) is calculated via Eq. (4) [34]:

10*
Amin = m (4)
where Np is Avogadro’s number, A, is in nm?. From Table 1,
it is found that the values of I'nax increased but Ay, decreased
by increasing the length of hydrophobic chain, the interactions of
hydrophobic are developed with the increase of hydrocarbon chain
length, which make the gemini cyclohexane surfactant molecules
pack more closely, then the I'max values increase [34-36]. Also it
showed that the gemini cyclohexane surfactants with two hydro-
carbon chain length could pack more closely than the conventional
surfactants at the air/water interface.
The standard Gibbs free energy change of micellization (AG?mC)
and adsorption (Angs) of synthesized cationic gemini surfactants
were calculated according the following equations [37]:

AGY. = (2 —a)RTInCMC (5)
AGY, = (2 — )RT In CMC-0 x 067 cmcAmin (6)

where CMCis the critical micelle concentration, Ris a gas constant, T
is the absolute temperature, Ty is the effectiveness; o is a degree
of counter ion dissociation and A, is the minimum area occupied
per surfactant molecule at the air/water interface. From the data
listed in Table 1, it can be concluded that the values of Angs are all
negative and greater than those of AGgﬁc. These observations are
consistent with the data reported previously [37], which indicated
that the surfactant molecules prefer to be adsorbed on the metal
surface rather than form micelles [34].
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Electrochemical parameters and inhibition efficiency obtained from polarization measurements for carbon steel in 15% HCl in the absence and presence of various concen-

trations of gemini surfactant inhibitors at 60 °C.

Inhibitors code Cinn/ppm by weight Cinh/mM icorr/MACM 2 ~Ecorr/mV (SCE) ga/mV dec ! -Bc/mV dec ! 0 Prpp[%
Blank 0.0 0.0 2.431 + 0.0780 452 122 223 - -
CHOGS-8 25 0.04882 0.84040 + 0.031 472 129 219 0.654 65.43
50 0.09764 0.68506 + 0.026 468 129 234 0.718 71.82
100 0.19528 0.35225 + 0.018 466 126 237 0.855 85.51
150 0.29292 0.17892 + 0.014 472 127 210 0.926 92.64
200 0.39056 0.07512 £+ 0.011 471 132 228 0.969 96.91
CHOGS-12 25 0.040 0.73562 + 0.017 470 129 236 0.697 69.74
50 0.080 0.52850 + 0.012 471 134 229 0.782 78.26
100 0.15999 0.23775 + 0.015 468 129 222 0.902 90.22
150 0.23999 0.10940 + 0.012 459 129 224 0.955 95.50
200 0.31998 0.04303 + 0.013 455 133 228 0.982 98.23
CHOGS-16 25 0.03391 0.64592 + 0.015 470 127 238 0.734 73.43
50 0.06782 0.41230 + 0.019 467 130 218 0.830 83.04
100 0.13564 0.16725 + 0.014 466 129 229 0.931 93.12
150 0.20346 0.06928 + 0.015 467 128 231 0.971 97.15
200 0.27128 0.01920 + 0.0017 465 129 236 0.992 99.21

3.3. Biodegradability

Using the Die-Away test, the biodegradability of the synthesized
cationic gemini surfactants was evaluated for 21 day and presented
in Fig. 4. The biodegradation results in the river water reflected the
fact that, lowering of the surface tension value is a reverse func-
tion of biodegradation. From the data in Fig. 4, it is noted that the
biodegradation ratios of the gemini surfactants ranged between
70 and 80% after 21 day. Also it is found that the biodegradation
extent of different gemini surfactant solutions increase gradually
by increasing the time and reached a maximum values after 21
days. In addition, there is a direct relationship between the length
of hydrophobic chain and the rate of biodegradation. From Fig. 4, the
biodegradation increased with increased linearity of the hydropho-
bic chain length group (fatty chain) and decreased as the number of
hydrophobic chain groups increased. These results agreed to the in
Ref. [38]. As well as the results showed that the biodegradability of
CHOGS-16>CHOGS-12 > CHOGS-8, and the biodegradation values
of these cationic gemini surfactants are lower than conventional
cationic surfactants [39]. Consequently, these compounds can be
classified as biodegradable surfactants in the open environment. In
fact, the biodegradation affinity is due to the presence of an oxycar-
bonyl group (—O—C=0—) which has the ability to degrade by the
action of the environmental microorganisms.

3.4. Weight loss measurements

The values of corrosion rate and inhibition efficiency (Pw%)
were obtained from weight loss measurements in the absence and
presence of different concentrations of the investigated cationic
gemini surfactants at 333K are presented in Fig. 5. It was found
that, the corrosion rate value in 15% HCl without inhibitors
is 3.6269+0.21 mgcm~2h~! and decreased to 0.09031 + 0.0062,
0.04606 +0.0034 and 0.01414+0.0011 mgcm~2h-1! in the pres-
ence of 200 ppm of CHOGS-8, CHOGS-12 and CHOGS-16, respec-
tively. Furthermore, at a constant concentration of the surfactant,
the corrosion rate is decreased by increasing the hydrophobic chain
length of the surfactants, which favors their adsorption at the
metal/acid interface. The inhibition efficiency of all surfactants was
increased with increasing the concentration. The maximum inhi-
bition efficiency for each compound was obtained at 200 ppm. The
inhibition of the corrosion processes by the CHOGS surfactants in
acidic media revealed the adsorption of these inhibitors at the metal
surface [25].

3.5. Potentiodynamic polarization measurements

The use of potentiodynamic polarization measurements can
be provided important information about the kinetics of corro-
sion reactions [40]. The potentiodynamic polarization plots of
carbon steel in 15% HCI solution containing different concentra-
tions of CHOGS-8, CHOGS-12 and CHOGS-16 at 60 °C are presented
in Fig. 6(a), (b) and (c), respectively. Given in Fig. 6, in the pres-
ence of investigated inhibitors both cathodic and anodic Tafel
curves shift towards minimize the current densities. This decrease
is more pronounced with increasing of the inhibitor concentration.
This observation demonstrates that the inhibitors are adsorbed on
the carbon steel surface [7]. The electrochemical corrosion kinetic
parameters, such as cathodic and anodic Tafel slopes (3¢ and 33),
corrosion current density (icorr) and the corrosion potential (Ecorr)
obtained by extrapolating the cathodic and anodic Tafel curves
to the point of intersection [3], are listed in Table 2. The corro-
sion inhibition efficiency (Pppp%) and surface coverage (6) from the
polarization measurements were estimated from the obtained icorr
values using the following relationship [41]:

i .
Pepp/% = (1—.“’"(‘)) %100 = @ x 100 (7)

Tcorr(0)

where icopr(jy and icorr(o) are the inhibited and uninhibited corrosion
current densities, respectively. As observed from the polarization
graph (Fig. 6), the presence of CHOGS inhibitors in HCI solution
resulted in a slight shift of Ecorr toward the negative direction in
comparison with the inhibitor free solution. These findings indicate
that both the anodic dissolution of metal and cathodic hydrogen
evolutionreactions were inhibited after the addition of investigated
surfactants to the aggressive medium. Therefore, these compounds
could be classified as mixed-type inhibitors with predominant con-
trol of cathodic reaction [42-44].

Based on the data in Table 2, the icorr decreased gradually with
increasing the inhibitor concentration, indicating that the inhibitor
has an effective inhibition for the carbon steel corrosion. Further-
more, the introducing of the surfactant molecule did not cause
significant displacement in the 3 and [3, values. This indicates that
the carbon steel corrosion mechanism in HCl solution does not alter
after addition the studied surfactants. Namely, the corrosion inhibi-
tion is caused by blocking the available reaction sites on the surface
of steel without modifying the corrosion mechanism in the titled
aggressive media. The surface coverage (0) increases with increase
inconcentration of inhibitor. From Table 2, it is clearly observed that
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Fig. 5. Variation of the corrosion rate and inhibition efficiency with the concentration of the studied inhibitors in ppm for carbon steel in 15% HCl at 333 K.

the inhibition efficiency increase with the increase in the inhibitor
concentrations applied in the study. It is logical to deduce that the
protection performance could be caused by the formation of the
adsorption film resulting from the interaction between quaternary
nitrogen atom (N*) and carbon steel surface.

When we compared our study with the literature
data, e.g. Hegazy et al. [45] measured the behaviors of
inhibition of some cationic gemini surfactants namely:
bis(p-(N,N,N-octyldimethylammonium bromide) benzylidene)
benzene-1,4-diamine (I), bis (p-(N,N,N-decyldimethyl-ammonium
bromide)-benzylidene) benzene-1, 4-diamine (II), and bis(p-
(N,N,N-dodecyldimethylammonium  bromide) benzyli-dene)
benzene-1,4-diamine (III) on carbon steel in 1.0M HCl. The
inhibition efficiencies increased with the increase in inhibitor
concentration and ranged between 93.3% and 93.77%, respectively.
Wang et al. [41] also investigated the inhibition performance
of a cationic gemini-surfactant (1,4-bis (1-chlorobenzyl-
benzimidazolyl)-butane) on mild steel in 0.25M H;SO4 solution.
The results showed that, the inhibition efficiency of this inhibitor
was 97% in the presence of 37 WM. As another study, Hegazy et al.
[46] studied the inhibition effect of cationic gemini surfactant
namely, 2, 2’-(pentane-1,5-diylidenebis(azan-1-yl-1-ylidene))
bis (1-1 dodecylpyridinium bromide) on carbon steel in 0.5M
H,S04. They found that, in the presence of 0.01 M of compound
the inhibition efficiency was around 94.9%. As for the investigated
cationic gemini surfactants, Pppp% values increased as a function of
the concentration of inhibitor, and exhibited the highest value at
200 ppm of cationic gemini surfactant. The inhibition efficiencies
of the three investigated compounds by potentiodynamic polariza-
tion measurements decreased in the following order: CHOGS-16
(99.21%)> CHOGS-12 (98.23) > CHOGS-8 (96.91%).

3.6. Electrochemical impedance spectroscopy measurements (EIS)

To further confirm the protection ability of the synthesized
gemini surfactants, EIS measurements were performed in 15% HCl

solution at 60°C. The Nyquist plots of carbon steel corrosion in
acidic solutions in the absence and presence of various concen-
trations (25-200 ppm) of the surfactants CHOGS-8, CHOGS-12 and
CHOGS-16 are presented in Fig. 7a, b and c, respectively. The
Nyquist plots of the carbon steel electrode immersed in different
concentrations of the investigated inhibitors all have depressed sin-
gle semicircles (one time constant) with a center under the real axis
at high frequency range. This event can be attributed to the change
on the morphology of the electrode surface resulting from sur-
face roughness and other inhomogeneities of the electrode [47,48].
It is obvious from Fig. 7 the diameter of semicircle significantly
increases when CHOGS-8, CHOGS-12 and CHOGS-16 inhibitors are
introducing into the corrosive media, indicating that the titled sur-
factants can inhibit the carbon steel corrosion in 15% HCl solution.
The larger diameter of semicircle measured in the presence of
CHOGS-16 compound reveals the inhibition effect of CHOGS-16
is better than that of CHOGS-8 and CHOGS-12 compounds. Fur-
thermore, the capacitive loops diameters increase sharply with
increment of CHOGS inhibitors dose and the shape of the loops
does not alter.

Fig. 8a, b, ¢, shows the Bode and phase plots for carbon steel
corrosion immersed in 15% HCI solution containing various con-
centrations of the three surfactant inhibitors used at 60°C. It is
observed that only one phase peak at the middle frequency range;
supported that there is only one time constant. Meanwhile, the
increasing dose of CHOGS inhibitors leads to the increase in the
impedance modulus at low frequency and the phase angle shifted
to more negative values of at intermediate frequency, demon-
strating the formation of a protective layer on the metal surface
[49].

Based on the above results, The EIS data are analyzed through
the Randle’s equivalent circuit (Fig. 9) that includes the solution
resistance (Rs), charge transfer resistance (R¢) in a parallel combi-
nation with constant phase element (CPE). Similar circuit has been
proposed by Hegazy et al. for the acidic corrosion inhibition of steel
[46]. In order to obtain a more accurate and representative fit, the
double layer capacitance (Cg;) was replaced by the constant phase



H.M. Abd El-Lateef et al. / Corrosion Science 108 (2016) 94-110

logZ/ A.cm”
A
o

Blank

25 ppm

50 ppm

200 ppm
48 100 ppm
-5.0 | Blank C Steel

@® — 25 ppm

55 WV —50ppm
6.0 A — 100 ppm

150 ppm
-6.5 [® —— 200 ppm
7.0 (a)l A I B B B PP RS B R

-700 -650 -600 -550 -500 -450 -400 -350 -300 -250 -200

-1.0

15 E

25 F

25 ppm

50 ppm

-200

30 E
. 35
E uof
4 -4.5 F
= 3 200 ppm
2 50F 100 ppm
55 _ | Blank C Steel
E ® —25ppm
60E ¥ ——50ppm
65 A —— 100 ppm
E 150 ppm
70 E [@ — 200 ppm
_7_5:.([.))..|....|....|....|....1....l....l....l....l....
-700 -650 -600 -550 -500 -450 -400 -350 -300 -250
1.0 [
15 E 25 ppm
2.0 F Blank 50 ppm
25E
30 f
35 B
h"E -4.0 -—
) E
4 45 3
Eo 5.0 ‘ 200 ppm
= 55F
E Il — Blank C Steel
6.0 @ ——25ppm
65F WV ——50ppm
£ A—— 100 ppm
70 150 ppm
75 F [® —— 200 ppm
-8.0:'(?)""'"""'""""""‘"""""""""""
-700 -650 -600 -550 -500 -450 -400 -350 -300 -250

Fig. 6. Polarization curves of carbon steel in 15% HCl solution with or without different concentration of (a) CHOGS-8, (b) CHOGS-12 and (c) CHOGS-16 at 60°C.

E/ mV vs. (SCE)

-200

101



102 H.M. Abd El-Lateef et al. / Corrosion Science 108 (2016) 94-110

300
| 14
s —&— Blank C Steel
[ —@— 25 ppm
250 |- "f 50 ppm
L of —w— 100 ppm
+ 150 ppm
200 [ °F —<4— 200 ppm
L .f
“g L .E
) L
S 150 o . . . . . .
\En L 0 2 4 6 8 10 12 14
3 [ 10 Hz
1
100 |- 2.5 Hz
[ 100 kHz
L 0.5 Hz
50 /
- w (a)
OE'"""""""""""""'
0 50 100 150 200 250 300
400
T 14
[ —&— Blank C Steel
350 | *f —e—25 ppm
[ ofF 50 ppm
[ oF —w— 100 ppm
300 - 150 ppm
[ eF —<4— 200 ppm
250 | «f
E ELE
G 200f T
é" N % 2 4 6 8 10 12 14
N [ 10 H
N s ‘
: / 2.5Hz
100 F100 kHz
[ 0.5 Hz
50 |- M /
[ 7 b
OL||||I||||I||||I||||I||||I||||I||(||)
0 50 100 150 200 250 300 350 400
550
14
—&— Blank C Steel
500 ,,f —— 25 ppm
50 ppm
4
%0 —w— 100 ppm
400 150 ppm
—<4— 200 ppm
350
g
g 300
TE 250 P e
N 10 Hz
200
/ 2.5 Hz
150
1.99 Hz 0.5 Hz
100 e /
50
(c)
Q i ST NN U T YN T NN U T NN W N U YT W T WO W T VO WO YOO T W M O WO W T M Y WO ST W I SO ST B 1
0 50 100 150 200 250 300 350 400 450 500 550

Z /Qcm’

Real

Fig. 7. Nyquist plots for carbon steel in 15% HCl in the absence and presence of various concentrations of the synthesized gemini surfactants (a) CHOGS-8, (b) CHOGS-12 and
(b) CHOGS-16 at 60°C.



log |Z)/ em’

log |Z)/ Q cm’

log |Z)/ cm’

28

24

20

1.6

1.2

0.8

0.4

0.0

-0.8

28

24

2.0

H.M. Abd El-Lateef et al. / Corrosion Science 108 (2016) 94-110

[ -80
[ —&— Blank C Steel j ]
S - O~ 25ppm 170
s Xﬁi{%;{% ) 50 ppm ]
[ Mo —=x/~-100 ppm ]
}VV'V'VWV 150 ppm - -60
8 --3%- 200 ppm ]
J-50
-0
J-30
5 54 -20
4 -10
a 4
( )I 1 1 1 1 1 1 1 0
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0 8
—&— Blank C Steel
g5
: N Mo - o gg ppm 70
i =, ppm
Shiad o —~—-100 ppm
- ¥ 150 ppm -60
A [--3%- 200 ppm
\ -50
-40
-30
-20
-10
78
(.b)l....l....l....|....|....|....|....|..
0.0 0.5 1.0 15 2.0 25 3.0 3.5 4.0
-90
—&— Blank C Steel
= O~ 25ppm 80
50 ppm
—x—-100 ppm
) 150 ppm -70
| - -3 - 200 ppm
’ 0l .60
g -50
J 40
=KX ]
| : B
g ]
YA E
-20
SW@ o -10
3 N
Ie3
(ucu)lu 1 PR [NV T T T [N Y WO VT TN [N VRN W S T [N VT WY WY W AT S ST S W | 0
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
log frequency/ Hz

Phase angle/ degree

Phase angle/ degree

Phase angle/ degree

103

Fig. 8. Bode and Phase angle plots for carbon steel in 15% HCl in the absence and presence of various concentrations of the synthesized gemini surfactants (a) CHOGS-8, (b)

CHOGS-12 and (b) CHOGS-16 at 60°C.



104 H.M. Abd El-Lateef et al. / Corrosion Science 108 (2016) 94-110

. E. W
>® VA'A'S

Ocpe

Fig. 9. Equivalent circuit used to fit the impedance spectra obtained for carbon
steel/HCl interface in the absence and presence of CHOGS-8, CHOGS-12 and CHOGS-
16 inhibitors.

element (CPE) as represented in Fig. 9. The CPE is given by the
following expression [50,51]:

Qe = Yy ' (jw) ™" (8)

where j=(—1)1/2 is the imaginary number, Y, stand for the CPE con-
stant, w is the angular frequency in rad s=! (w=2mf), where fis the
frequency in Hz and n is the phase shift (exponent) which is regard-
ing to the surface inhomogeneity degree [52]. Based on the value
of n, CPE can represent resistance (n=0, Yy =R), capacitance (n=1,
Yo =C), inductance (n=-1, Yp=L) or Warburg impedance (n=0.5,
Yo = W). The lower value of n (Table 3) for carbon steel in 15% HCI
solution indicated surface inhomogeneity resulted from metal sur-
face roughening due to corrosion. Introducing of the investigated
surfactants n values were increased, suggesting reduction inhomo-
geneity of surface due to the adsorption of surfactant molecules.
The double layer capacitances, Cy, for a circuit including a CPE were
calculated by the expression [53,54]:

Car = Yo(om)"™! (9)

where wm = 27fmax, represents the angular frequency at the maxi-
mum value of the imaginary part. The fitted impedance parameters
(Rct, Cq1» n and Yp) for the corrosion of carbon steel in 15% HCl solu-
tion containing different concentration of the synthesized gemini
surfactants are listed in Table 3. The surface converge (9) and the
inhibition efficiency (Pgs %) calculated from the R¢; values by the
following equation [55,56]:

i 0

Pris/% = %100 = 6 x 100 (10)

where R' and R° are corrosion resistances in the presence and
absence of the inhibitors, respectively. According to Table 3, the
value of R increases with addendum of surfactant compounds as

compared to the blank solution, while the value of Cy decreases.

The larger R¢: and the smaller Cy; are attributed to the formation of

a protective layer at the steel/HCl interface, resulting in an increase

in inhibition efficiency. The maximum Pg;s% reaches up to 94.41%,

96.15% and 97.19% in the presence 200 ppm of CHOGS-8, CHOGS-12

and CHOGS-16, respectively. Based on Helmholtz model [40]:
g0¢A

Ca=520 (11)

where €°, &, A and d are the free space permittivity, the local
dielectric constant, the electrode area and thickness of the inter-
facial layer, respectively. The decrease in Cy is due to increase in
the thickness of electrical double layer. The further mention that
the investigated gemini surfactants function by adsorption at the
metal/acid solution interface leading to the formation of a protec-
tive layer. It is worth noting that the inhibition efficiencies obtained
from the EIS measurements is consistent with that obtained from
potentiodynamic polarization and weight loss measurements.

3.7. Adsorption behavior of CHOGS surfactant inhibitors

As known that, the adsorption isotherm can supply basic knowl-
edge about the corrosion inhibition performance between carbon
steel surface and CHOGS surfactant molecules. In order to describe
the adsorption of CHOGS, different isotherms were applied to fit the
experimental results, including Temkin, Flory-Huggins, Langmuir,
Freundlich and Frumkin adsorption isotherms. The surface cover-
age values (0) for the various concentrations of the investigated
CHOGS surfactants have been utilized to illustrate the best adsorp-
tion isotherm to determine the adsorption process. According to the
6 values obtained from potentiodynamic polarization data, it can
be concluded that the best description of the adsorption behavior
of CHOGS surfactants can be demonstrated by adsorption isotherm
of Langmuir [57]:

o — Cin + (12)
where, G, and K45 are the inhibitor concentration and the equilib-
rium constant for adsorption- desorption process, respectively. The
plots in Fig. 10 (Cj,n/6 vs. Cinn) were found to be linear with a cor-
relation coefficient (R?) and slope values as given in Fig. 10 at 60 °C.
The correlation coefficient (0.9987, 0.9996 and 0.9999 for CHOGS-
8, CHOGS-12 and CHOGS-16, respectively) and slope values (0.947,
0.950 and 0.952 for CHOGS-8, CHOGS-12 and CHOGS-16, respec-
tively) are near to unity indicating that the adsorption of these
surfactants obey the Langmuir adsorption isotherm. The average

Table 3
Electrochemical impedance parameters for carbon steel in 15% HCl without and with various concentrations of the synthesized gemini surfactants at 60 °C.
Inhibitors Cinn/PPM by Cinn/mM Rs/S2 cm? Ret/Q2 cm? Cai/ WFcm—2 Qcpe 0 Peis/%
code weight
Yo/~ s" cm—2 n

Blank 0.0 0.0 0.2+0.02 154+1.2 103.39 1.67 0.78 - -

CHOGS-8 25 0.04882 0.50+0.04 37.5+24 42.45 0.69 0.88 0.589 58.94
50 0.09764 0.64+0.03 523435 30.44 0.42 0.89 0.705 70.55
100 0.19528 0.93+0.05 96.1+4.6 16.56 0.29 0.90 0.839 83.97
150 0.29292 1.40£0.06 152.5+6.4 10.44 0.15 0.91 0.899 89.91
200 0.39056 1.59+0.06 275.6+7.2 5.77 0.08 0.92 0.944 94.41

CHOGS-12 25 0.040 0.42 +£0.02 50.1+2.9 31.78 0.53 0.89 0.692 69.26
50 0.080 0.56 +0.04 752437 21.17 0.32 0.88 0.795 79.52
100 0.15999 1.18 £0.06 159.3+5.1 9.99 0.22 0.90 0.903 90.33
150 0.23999 1.62 £0.09 256.5+4.7 6.21 0.11 0.91 0.939 93.99
200 0.31998 221+0.15 400.9+8.9 3.97 0.06 0.93 0.961 96.15

CHOGS-16 25 0.03391 0.38+0.03 64.8+2.4 24.57 0.41 0.91 0.762 76.23
50 0.06782 1.10£0.10 85.1+4.5 18.71 0.25 0.92 0.819 81.91
100 0.13564 1.31+£0.15 200.2 +6.8 7.95 0.17 0.91 0.923 92.31
150 0.20346 2.33+0.21 379.7+6.7 419 0.09 0.95 0.959 95.94
200 0.27128 3.124+0.32 549.3+9.3 2.89 0.05 0.97 0.971 97.19
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Fig. 10. Langmuir adsorption plots for carbon steel in 15% HCl solution at 333K in
various concentrations of (a) CHOGS-8, (b) CHOGS-12 and (c) CHOGS-16.

values of K,qs were calculated (from the intercept of Fig. 10) as
2.67 x 104, 4.30 x 10* and 6.41 x 10* M~! for CHOGS-8, CHOGS-12
and CHOGS-16, respectively. The values of K,q4, are also related
to the standard free energy of adsorption (AGY, ) based on the
following equation [58]:

1 AGY
Kags = 555 exp(— R;ds) (13)

where R is the universal gas constant, T is the absolute temperature
and the value of 55.5 is the molar concentration of water in the solu-
tion expressed in molarity unit [58]. The average values of AGJ,_
were found as —39.34, —40.65 and —41.76 kfmol~! for CHOGS-8,
CHOGS-12 and CHOGS-16, respectively, indicated that the adsorp-
tion of these surfactants on carbon steel surface is a combination
of both chemisorption and physisorption [59].

3.8. Surface characterization

EDX spectraand corresponding SEM micrographs of carbon steel
specimens after immersed in 15% HCI in the absence and pres-
ence 200 ppm of CHOGS-8 and CHOGS-16 are presented in Fig. 11.
Fig. 11a shows an SEM micrograph of the carbon steel specimen
immersed in 15% HCIl without inhibitors; it can be seen, the sur-
face is very rough and badly damaged due to metal dissolution
in hydrochloric acid solution. However, the presence of 200 ppm
of CHOGS-8 and CHOGS-16 reduces the corrosion rate and sur-
face damage has been diminished considerably (Figs. 11c, e) as
compared to that in the absence of studied inhibitors (Fig. 11a),
suggesting formation of a protective inhibitor film at the surface of
carbon steel and also confirms the highest inhibition efficiency of
the prepared gemini surfactants.

The results of EDX spectra are shown in Fig. 11(b, d and
f). The EDX spectrum of carbon steel corrosion in blank HCI
solution (Fig. 11b) described the characteristic signals of Fe, Mn, Si
and K in addition to Cl and O elements, which shows that the oxide
film covered specimen surface. However, the inhibited carbon steel
(Fig. 11d, f) contains the peaks corresponding to Fe, Mn, K, O and Cl
in addition to the elements present in the surfactant molecules (N
and S elements), indicating the adsorption of inhibitor molecules
at the metal surface.

3.9. Corrosion inhibition mechanism by the synthesized cationic
gemini surfactants

The corrosion inhibition mechanism of steel in acidic environ-
ments by various organic compounds can be discussed based on
molecular adsorption. The inhibitors were retarded the corrosion
processes by formation of a physical barrier, changes in the electri-
cal double layer and blocking both cathodic and anodic reactions.
The investigated gemini surfactants molecules may be adsorbed at
the steel surface by different types of adsorptions including elec-
trostatic attraction between the charged metal and the charged
molecules, interaction of unshared electron pairs in the studied
molecule with the metal, and a combination of the above, i.e.,
surfactant can assignment by chemisorption, physisorption, or by
complexation with the steel [60,61].

The prepared inhibitors adsorbed to the steel surface through
the counter ion (—SO3~) on the anodic sites to reduce the anodic
dissolution and quaternary nitrogen atom (N*) on the cathodic sites
to minimize the hydrogen evolution, i.e., physical adsorption. The
high protection of the three synthesized surfactants was attributed
to the occurrence of numerous adsorption centers (two quaternary
nitrogen atoms and two (—SO3~ ions) and larger molecular size.
The adsorption of gemini surfactants on electrode surface is more
complicated than that of traditional surfactants because the gemini
surfactants contain two hydrophobic groups and two hydrophilic
groups. The adsorption of investigated gemini inhibitors on car-
bon steel surface was found to be obeyed Langmuir adsorption
isotherm. The adsorptions of gemini surfactants on the steel sur-
face in acidic solution take place through three various adsorption
modes:

(i) At low concentrations, it obvious that the adsorption occurs
through horizontal binding to hydrophobic region (Fig. 12a). This
adsorption is preferable by an electrostatic interaction between the
two ammonium groups (N*) and cathodic sites on one hand and
—S05~ ions on the metallic surface on the other hand.

(ii) When the inhibitor concentration increases, a vertical
adsorption takes place as a result of an inter-hydrophobic chain
interaction (Fig. 12b).

(ii) At higher inhibition concentrations, a columnar adsorption
of surfactant continues with the hydrophilic group popeyed into
the solution and the hydrocarbon tail mingling with the adsorbed
monomers, driven by the hydrophobic force, until the formation
of a very rigid barrier of surfactant molecules on the steel surface
(Fig. 12c).

The order of inhibition is decreased as the following order:
CHOGS-16 (99.21%) > CHOGS-12 (98.23)>CHOGS-8 (96.91%). The
higher P% values are attributed to their larger molecular size and the
presence of two hydrophobic groups and two hydrophilic groups
in the molecular structure of compounds. By a comparison of the
inhibition efficiency (P%) between the studied compounds, the
CHOGS-16 inhibitor displays higher P% values, which can be due
to an increase in the length of hydrophobic chain. By increasing
the geometric length, the isolation between metal-solution interac-
tions increased and hence the efficiency of the corrosion increased.
The chain length changes film properties such as surface tension,
aggregate lifetime and etc. [62]. In our investigation, we studied
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Fig. 11. SEM micrograph (a) and EDX analysis (b) of carbon steel after immersed in free 15% HCl solution; SEM micrograph (c) and EDX analysis (d) of carbon steel after
immersed in 15% HCI with 200 ppm of CHOGS-8; SEM micrograph (e) and EDX analysis (f) of carbon steel after immersed in 15% HCI with 200 ppm of CHOGS-16.

CHOGS inhibitors with different chain lengths, the effect of chain
length are very important. The difference on the inhibition effi-
ciency in the presence of CHOGS-8, CHOGS-12 and CHOGS-16 in
the same concentrations can be justified by the above explanation.

3.10. The relation between surface activity and the corrosion
inhibition efficiency of CHOGS compounds

Gemini surfactants have very low critical micelle concentra-
tion (CMC) and high solubilising capacity than the corresponding
traditional surfactants [63]. It is clear from Table 1 that decreas-
ing CMC values and increasing the hydrophobic chain length of
the surfactant molecules increases the inhibition efficiency of the
different inhibitors. The highest reduction in surface tension was

accomplished with increasing the length of carbon chain of cationic
gemini surfactants. This is in good agreement with the inhibition
efficiency data which were achieved by investigated surfactants.
The obtained values of AGY, and AGS, , indicated that the syn-
thesized cationic gemini surfactants favors adsorption rather than
micellization. The fact that Acgds was more negative compared
to the corresponding AGg1i . could be taken as strong evidence on
the formation of strong adsorption film on the steel surface, which
matches well with the potentiodynamic and EIS results. It is notice-
able that the I"'max values were increased, whilst A, values were
decreased with increasing both the corrosion inhibition efficiency
and the carbon chain length of CHOGS surfactants. It was evident
that, the inhibition efficiency increases with increasing I'max and
wtcvc Values. All these parameters explain why the synthesized
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Fig. 12. Mode of adsorption of the synthesized cationic gemini surfactants on the
carbon steel substrate in HCI solution.

cationic gemini surfactant was effective inhibitors for carbon steel
in 15% HCL.

3.11. Quantum chemical calculation methods

To be able to elucidate the inhibition performance of the
investigated gemini surfactants, we scanned the selectivity descrip-
tors and molecular reactivity for these inhibitors. In this study,
some quantum calculations were carried out to explain the mode
of adsorption of the three studied compounds. The optimized
geometry of the gemini surfactants and their HOMO and LUMO
distributions are shown in Fig. 13. Table 4 shows some theoretical
parameters such as E;ymo, Enomo, 0, 0, X, AN, AE, Ip, E5 and p of
the investigated surfactants, which calculated by using Gaussian 09
program package at B3LYP/6-31G (d, p) level of theory and some
related equations.

Table 4

The quaternary ammonium (N*) of CHOGS compounds in Fig. 13
exhibited a significant contribution to the HOMO and LUMO dis-
tributions. These results suggest that the preferred active sites for
electrophilic attack were located within these regions. According to
the frontier molecular orbital theory, Eyomo is connected with the
ability of molecule to donate the electron to the vacancy d-orbital of
steel surface i.e., a molecule with higher Eyomo value is more capa-
ble of giving electrons to an acceptor having appropriate vacant
molecular orbitals. On the other hand, Ejyyo is related to the elec-
tron accepting ability of the i.e., lower its value higher would be its
electron accepting tendency from the filled metal orbitals [64,65].
Based on EIS and potentiodynamic polarization measurements,
the order of inhibition efficiency for the investigated surfactants
is CHOGS-16 > CHOGS-12>CHOGS-8. From Table 4, the values of
Eyowmo for the surfactants CHOGS-16, CHOGS-12 and CHOGS-8 are
—6.054, —6.059 and —6.074 eV, respectively. It is well known that in
the chemisorption, an increase in Eygno causes significant increase
in inhibition efficiency of inhibitors [66], while the Eygmo nega-
tive sign has been explained by some authors to be an indication
of physisorption rather than chemisorption [66,67]. Accordingly,
the energy gap (AE) and the value difference of Eyomo and Epgmo
(AE=Eymo-Enomo) is important parameter in determining the
reactivity of a molecule [68,69]. As AE decreases, the reactivity
of the molecule increases, leading to an increase in adsorption
of inhibitor molecules on the steel surface and consequently an
increase in the inhibition efficiency. From Table 4, it could be
observed that, AE values of the three titled surfactants remark-
ably decrease in the order of CHOGS-8>CHOGS-12>CHOGS-16,
that means the adsorption of studied inhibitors on the metallic
surface follows the order CHOGS-16>CHOGS-12 > CHOGS-8.

The dipole moment () is another index that is predominantly
utilized for the prediction of the direction of the inhibition of cor-
rosion process. It is related to the distribution of electrons in a
molecule and is the measure of polarity in a bond [70]. The com-
pounds with high u tends to form strong dipole-dipole interactions
with the steel surface, leading to resulting in strong adsorption on
the metal surface and thence resulting in better P% [71]. However,
there is no definite correlation between u and P% has been reported
in the literature [72]. The data presented in Table 4 indicates that
CHOGS-16 has the highest # and CHOGS-8 has the smallest y. In our
investigation, increasing the u of the molecules leads to increment
their P% as a result of increasing the intermolecular forces.

Chemical hardness (77) and softness (o) are associated with the
selectivity and reactivity of the molecule.  measures the resis-
tance of an atom to a charge transfer and u describes the capacity
of an atom or group of atoms to receive electrons. The following
equations were used for calculation of n and o [73]:

1
n= _E(EHOMO — Erumo) (14)

1 )
1 (Enomo — Erumo)

1

(15)

Quantum chemical parameters calculated using the Gaussian 09 program package with B3LYP/6-31G (d, p) basis set for CHOGS models.

Quantum chemical parameters CHOGS-8 Model

CHOGS-12 Model CHOGS-16 Model

/Debye 1.751
EHOMo/eV -6.074
E]_Ulv[o/ev 0.581
AE[eV —6.655
nlev 3.3275
olev-! 0.30053
Ip[eV 6.074
EaleV ~0.581
x/ev 2.7465
AN 0.65895

2.946 3.546
—6.059 —6.054
0.472 0.350
—6.531 —6.404
3.2655 3.202
0.30623 0.3123
6.059 6.054
-0.472 -0.350
2.7935 2.852

0.6541 0.6457
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Fig. 13. Optimized structures and frontier molecular orbitals (HOMO and LUMO) for the studied gemini surfactants (a) CHOGS-8, (b) CHOGS-12 and (c) CHOGS-16.

Based on Pearson’s hard/soft acids and bases and also the Lewis
theory of acid/bases [ 74], soft molecule would have smaller AE and
it would be more reactive, and a hard molecule would have larger
AE value and would be less reactive. A close examination of the
values in Table 4 shows that CHOGS-16 has higher o value, which
reveals its softer nature. Thus, CHOGS-16 would have a greater ten-
dency to donate the electrons to the metal. Therefore, the P% of
the investigated surfactants are CHOGS-16 > CHOGS-12> CHOGS-8,
which is in agreement with the empirically obtained results.

Ionization potential (I,) and electron affinity (Ex ) of compounds
are measured using Koopmans theorem [75]. Based on this the-
ory the I and E, are related to the Eyomo and Ejymo energies,
respectively as follows:

Ip = —Enomo (16)
Ea= —Erumo (17)

The calculated I, and Ex results are utilized to obtain the elec-
tronegativity (x) by the following equation [76]:

_ Ip—i-EA
2

Pearson method is beneficial in calculating the fraction of elec-
trons (AN) transferred from inhibitor to surface of metal [77]. Based
on Pearson’s method, to calculate the fraction of electron trans-
ferred (AN), the theoretical value for the absolute electronegativity

(18)

and hardness of Fe are considered xg.=7eV and ng =0, respec-
tively, by considering for metallic bulk Ip =Ea [78]. The AN to the
Fe-surface can be calculated using the following equation [76]:

XFe — Xinh
AN 2(nFe = Ninh) (19)

The AN values display the electron transfer from Fe-surface
to molecule if AN<O and molecule to Fe-surface if AN>O0
[79]. According to the literature studies, the inhibition efficiency
increases with increasing electron-donating capability of the
inhibitor at the metallic surface if AN less than 3.6 [80]. From
Table 4, it could be seen that the AN values of the investigated
inhibitors are less than 3.6 and positive, indicates that the inhibitor
molecules can donate its electrons to metal surface by the for-
mation of coordinate bond. Inspection of data in Table 4 shows
that, the AN values of the studied inhibitors have very small dif-
ference. This confirms the comparable electron donating ability of
the investigated surfactant molecules.

The electronegativity (x) demonstrate electron attracting abil-
ity of the inhibitor molecule. The Higher values of y;,, indicate
strong attracting power to accept electron from the iron sur-
face. Subsequently, the inhibitor molecules which have higher
electronegativity would possess strong interaction with the metal-
lic surface and higher P% is observed. According to Table 4, it
is observed that the yx;,, values of the three studied surfac-
tant molecules obeys the order CHOGS-16 > CHOGS-12 > CHOGS-8.
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Thence, it is confirmed that CHOGS-16 has the highest ability
to accept electrons among the investigated inhibitor molecules
and these results are in well agreement with the empirical find-
ings.

4. Conclusions

New type of cationic gemini surfactants with an ester linkage, is
prepared and their performance for carbon steel protection in 15%
HCl has been evaluated. The main conclusions are as follow:

1. The synthesized surfactants of CHOGS-8, CHOGS-12 and CHOGS-
16 are good corrosion inhibitors for the corrosion of carbon
steel in 15% HCl solution. Inhibition efficiency increases with the
inhibitor concentration, and the maximum inhibition efficiency
at 200 ppm is 97.51% for CHOGS-8; 98.73% for CHOGS-12; and
99.61% for CHOGS-16.

2. The synthesized CHOGS compounds actas mixed-type inhibitors,
retarding both cathodic hydrogen evolution reactions and anodic
dissolution of metal.

3. The decrease in the C4 andincrease in R¢t suggests that the
surfactant moleculesfunction by adsorption at the steel/HCl
interface.

4. Langmuir adsorption isotherm model described theadsorption
of the CHOGS inhibitors utilized in the investigation.

5. The experiments of surface analysis (SEM-EDX)established the
adsorption of CHOGS on the carbon steel surface.

6. A close agreement between the surface activity and the corro-
sion inhibition efficiency was found. Increasing the hydrophobic
chain length decreases their surface tension and CMC values and
increases their inhibition efficiency.

7. A comparison of the inhibition effectiveness of the synthesized
surfactants indicated that their inhibition impacts were closely
related to orbital energies (Eqyomo and E ymo), energy gap (AE),
dipole moment, electronegativity, electron affinity, ionization
potential and the fraction of electron transferred.
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