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Abstract

Synthesis, surface parameters and corrosion inhibition efficiency () of novel cationic gemini surfactant (NCGSN)
(namely: N,N'-(((2,2'-(naphthalene-1,5-diylbis(oxy))bis(acetyl))bis(oxy))bis(propane-3,1-diyl))bis(N,N-
dimethyldodecan-1-aminium)dibromide were studied and discussed. The # of carbon steel (CS) was determined by
weight loss (WL), electrochemical impedance spectroscopy (EIS) & potentiodynamic polarization (PP) in the absence
and presence of NCGSN. The n and charge transfer resistance (Rc) increases with increasing the NCGSN
concentration and decreases with increasing the temperature. Kinetic and adsorption thermodynamic values showed
that the # occurs through adsorption of NCGSN molecules on CS surface according to Langmuir isotherm. The PP
results proposed the NCGSN regards a mixed-type inhibitor. Chemical and electrochemical results confirmed by SEM
and EDX results which recommended the NCGSN adsorption occurs due to the barrier film formed on CS surface.

Key words: Carbon steel; Surfactant; Acid inhibition; Weight loss; EIS; Tafel; SEM; EDX.

1. Introduction

The cationic gemini surfactants have the ability to be
adsorbed on the metal-surface and form an adsorbed
film that acts as a barrier between CS surface and
corrosive materials like acidic solutions [1-5], this
adsorption may occur as a chemical adsorption or
physical adsorption or both.

Many industrial processes that occur at elevated
temperatures leave a thin oxide film or scale on the
surface. Pickling or acid cleaning regards a metal
cleaning process that is used to eliminate undesired
layers, such as rust or scale which formed during
industrial processes [6]. Pickle liquid or cleaning

In this study, we synthesize and investigate the surface
properties, adsorption and inhibition behaviour of

solution usually contains acid such as HCI and H2SO4
which are common, but its other different applications
use various other acids as HsPO4, HNOs, HF, sulfamic,
citric, oxalic, ... etc. or alkaline solution can be used
to remove the surface impurities, scale or clean metal
in various metal manufacturing processes [7]. Some
additives such as wetting agents and corrosion
inhibitors must be added to the pickle liquor [8]. In
pickling process, HCI is the common acid although it
is more expensive than H,SO4, as it is much faster and
minimizes the metal loss [9]. Steels contain an alloy
content less than or equal to 6%, are often pickled in
HCI or H,SO4 while steels contain an alloy content
greater than 6% must be pickled in two steps and acids
such as HsPO4, HNO3s and HF are preferred [10].

novel cationic gemini surfactant (NCGSN) (namely:
N,N'-(((2,2'-(naphthalene-1,5-
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diylbis(oxy))bis(acetyl))bis(oxy))bis(propane-3,1-
diyl))bis(N,N-dimethyldodecan-1-
aminium)dibromide as corrosion inhibitor for CS
tubes during pickling process. Corrosion behavior of
CS in 5% HCI has been studied using WL, EIS and PP
with and without NCGSN. The adsorption mechanism
of NCGSN is discussed through chemical structure,
adsorption isotherm and thermodynamic parameters.
Surface morphology of CS was studied by SEM &
EDIX.

2. Experimental

2.1. Synthesis
2.1.1. Synthesis of Diethyl 2,2'-(naphthalene-1,5-
diylbis(oxy))diacetate (1)

1,5-Dihydroxy naphthalene (0.8 g, 5 mmol), ethyl
chloroacetate (1.34 g, 11 mmol) and anhydrous
potassium carbonate (1.66 g, 12 mmol) were mixed in
a round bottom flask with dry acetone (50 ml). The
reaction mixture was stirred for 8 h at 60 °C. After
completion, the reaction mixture was filtered and the
solvent was removed. The isolated product was
washed with sodium hydroxide (5%, 5 ml) solution
and water then the product was extracted with (25 ml)
dichloromethane. The organic extract was collected
and dried over anhydrous sodium sulfate. Subsequent
removal of solvent gave the desired ester. Isolated
yield: 91%. Mp: 120-122 °C.

2.1.2.  Synthesis of 2,2'-(Naphthalene-1,5-
diylbis(oxy))diacetic acid (11)

The above product (Diethyl 2,2'-(naphthalene-1,5-
diylbis(oxy))diacetate) (1.66 g, 5 mmol) and sodium
hydroxide (0.48 g, 12 mmol) were dissolved in mixed
solvent methanol: water (4:1, 20 ml) and refluxed for
one hour at 65 °C. After completing the reaction, the
solvent was removed, then (30 ml) of water was added
to it and the solution was acidified with diluted
hydrochloric acid (20 ml, 10%). The solid product was
isolated and further purified by recrystallizing from
methanol. Isolated yield: 89%. Mp: over 300 °C.

2.1.3. Synthesis of bis(3-(dimethylamino)propyl)
2,2'-(naphthalene-1,5-diylbis(oxy))diacetate (I11)

2,2'-(Naphthalene-1,5-diylbis(oxy))diacetic acid
(0.552 g, 2 mmol), 3-(dimethylamino)propan-1-ol
(0.412 g, 4 mmol) and p-toluenesulfonic acid (2%)
were mixed in a round bottom flask with dry xylene
(100 ml), the flask was fitted with Dean-stark trap and
condenser. The reaction mixture was stirred at 150 °C
until the theoretical amount of water was collected and
then cooled to room temperature. After completing the
reaction, the solvent was removed till dryness; the oily
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product was washed several times with dry diethyl
ether.

2.1.4. Synthesis of N,N'-(((2,2'-(naphthalene-1,5-
diylbis(oxy))bis(acetyl))bis(oxy))bis(propane-3,1-
diyl))bis(N,N-dimethyldodecan-1-
aminium)dibromide (1V)

A mixture of bis(3-(dimethylamino)propyl) 2,2'-
(naphthalene-1,5-diylbis(oxy))diacetate (0.44 g, 1
mmol) and 1-bromododecane (0.496 g, 2 mmol) in
ethanol was refluxed for 48 h to produce the
quaternary product. The mixture was allowed to cool
and the obtained light yellow precipitate was further
purified by diethyl ether, dioxane then recrystallized
from ethanol.

The scheme of the novel synthesized cationic gemini
surfactant (NCGSN) is shown in Fig. 1.

The confirmation of the chemical structure of NCGSN
had been done by different techniques such as FTIR,
'H-NMR and mass spectroscopies.

2.2. Carbon steel

The CS specimens have the following composition
(Wt.%): 0.19% C, 0.014% Ni, 0.009% Cr, 0.022% Cu,
0.05% Si, 0.94% Mn, 0.009% P, 0.004% S, 0.034%
Al, 0.016% V, 0.003% Ti and the rest Fe. They were
abraded by emery papers with different grades (600-
1200) and cleaned with acetone and distilled water.

2.3. Surface tension measurements

Surface tension experiments were carried out as
previously described [3-5].

2.4. Weight loss technique

The CS specimens have dimensions (2 cm x 4 cm %
0.5 cm) and immersed in 5% HCI solution for 24 hours
in the absence and presence of various concentrations
of NCGSN then the weight loss was measured and
reported.

2.5. Electrochemical techniques

The electrochemical curves were documented by a
Voltalab 40 Potentiostat PGZ 301 and a private computer
provided with Voltamaster 4 software at 25 °C.
Electrochemical cell contains a platinum counter
electrode (CE) and a saturated calomel electrode (SCE) as
a reference electrode. Working electrode (WE) was a CS
embedded in PVC holder using epoxy resin and the
uncovered area of the electrode toward solution is 0.34
cm?. Firstly, WE was immersed in a test solution at an
open circuit potential (OCP) for 30 min, until a steady
state was reached. PP and EIS measurements were carried
out at OCP in the potential range from -800 to -300 mV
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vs. SCE with a scan rate 0.2 mV st and in the frequency
range of 100 kHz—-30 mHz at a small alternating voltage
perturbation (10 mV) at 20 °C, respectively.
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Fig. 1: The scheme of the novel synthesized cationic gemini surfactant (NCGSN).

2.6 Scanning electron microscopy (SEM) and Energy The chemical structure of Diethyl 2,2'-
dispersive X-ray analyzer (EDX) (naphthalene-1,5-diylbis(oxy))diacetate confirmed

SEM & EDX results of CS surface were listed after by:
immersion of CS coupons in 5% HCI in the absence and FT-IR (KBr cm?): 3061.028 (Ar-H), 2928.610,
presence of NCGSN using SEM Model Quanta 250 FEG 2909.576 (aliph. C-H) and at 1755.489 (C=0).

(Field Emission Gun). The mass spectrum (Fig. 2) showed that a molecular

3. Results and discussion ion peak and base peak m/z 332 (100%).

3.1. Structure confirmation The chemical structure of 2,2'-(Naphthalene-1,5-
diylbis(oxy))diacetic acid confirmed by:

Egypt. J. Chem. Vol. 63, No. 10 (2020)
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FT-IR (KBr cm): 3059.44 (Ar-H), 2909.7, 2787.179
(aliph. C-H) and at 1742.5, 1707.1 (C=0).

The mass spectrum (Fig. 3) showed that a molecular
ion peak m/z 276 (40.4%) together with other peaks at
m/z (%) 218, C12H1004, (56), 159, C12H70o, (55.69)
and 130.84 (100).

The chemical structure of bis(3-
(dimethylamino)propyl) 2,2'-(naphthalene-1,5-
diylbis(oxy))diacetate confirmed by:

FT-IR (KBr cm?): 3061.918 (Ar-H), 2970.251,
2945.868, 2861.234 and 2817.580 (aliph. C-H) and at
1762.016 (C=0).

The mass spectrum (Fig. 4) showed that a molecular
mass m/z (%); 446 (3.54) together with other peaks at
Ca0H3004N2, 362(100%), 57.88 (64.52).

'HNMR (DMSO-d6) spectrum (Fig. 5), 400 MHz; §,
ppm at: (7.8305, 7.8095) and (7.7799, 7.7589)(2H m,
Ar-H), (7.4297, 7.4097, 7.3897) and (7.3636, 7.3436,
7.3236) (2H, t, J= 8Hz Ar-H), (6.9570, 6.9377) and
(6.8301, 6.8109) (2H, 2d, J1=7.72, J2=7.68 Hz,
Ar-H), 4.6161(4H, s, 2 O-CH,-COO), 4.1999,
4.1841,4.1683) (4H, t, J=6.32 Hz, 2 -COOCH2-CH5),
(3.4524, 3.4370, 3.4216) (4H, t, J= 6.16 Hz, 2-CH.N),
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(2.3734-2.1952)(12H, s, 2-CH,CH,NCHs),), 1.7582-
1.7195) (4H, m, 2-CH2CH,N(CH)..

The  chemical structure of  N,N'-(((2,2'-
(naphthalene-1,5-diylbis(oxy))bis(acetyl))bis(oxy))
bis(propane-3,1-diyl))bis(N,N-dimethyldodecan-1-
aminium)dibromide confirmed by:

FT-IR (KBr cm): (Ar-H), 2925.331, 2855.258 (aliph.
C-H) and at 1756.894 (C=0).

The mass spectrum (Fig. 6) showed that a molecular
mass m/z (%); 942, (6.65) together with a base peak at
472 (100%).

'HNMR spectrum (Fig. 7) (DMSO) 400 MHz; §(ppm)
at: (0.8740, 0.8631 and 0.8522) (6H, t, J=4.36Hz,
2CH3(CH2)11, (1.2195 - 1.2549) (m, 40H,
2CH3(CH2)10CH2),  (1.6993-1.7376) (4H, m,
2CH,CH3N), 3.0060(12H, s, 2-CH,CH:N*(CHa)2),
3.4483, 3.4636 and 3.4789(8H, t, J= 6.12 Hz,
2CH,N*CH,), 4.1841, 4.2018, 4.2196 and 4.2373 (4H,
2d, J=7.08 2COOCH,-CH,), 4.4810 (4H, s, -O-CH>-
COO0), (6.9349-6.9541) (2H, d, J=7.68 Hz, Ar-H),
(7.3949, 7,4149 and 7.4349)(2H, t, J=8 Hz, Ar-H),
[(7.8304-7.8093)(2H, d, J=8.44 Hz, Ar-H)].
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Fig. 2: Mass spectrum of Diethyl 2,2'-(naphthalene-1,5-diylbis(oxy))diacetate.
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Fig. 3: Mass spectrum of 2,2'-(Naphthalene-1,5-diylbis(oxy))diacetic acid.
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Fig. 4: Mass spectrum of bis(3-(dimethylamino)propyl) 2,2'-(naphthalene-1,5-diylbis(oxy))diacetate.
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Fig. 5: 'HNMR spectrum of bis(3-(dimethylamino)propyl) 2,2'-(naphthalene-1,5-diylbis(oxy))diacetate.
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Fig. 6: Mass spectrum of N,N'-(((2,2'-(naphthalene-1,5-diylbis(oxy))bis(acetyl))bis(oxy))bis(propane-3,1-diyl))
bis(N,N-dimethyldodecan-1-aminium)dibromide.
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Fig. 7: 'HNMR spectrum of N,N'-(((2,2'-(naphthalene-1,5-diylbis(oxy))bis(acetyl))bis(oxy))bis(propane-3,1-diyl))

bis(N,N-dimethyldodecan-1-aminium)dibromide.

3.2. Surface active properties

Critical micelle concentration (Cem¢) and
effectiveness (Temc)

The critical micelle concentration (Ceme) of NCGSN
was determined through plotting the surface tension
(y) versus -log C as denoted in Fig. 8. Cemc Value of
NCGSN was determined from the break point plots.
NCGSN has good effect of reducing the surface
tension and that refers to the effectiveness (m y) at
Ceme, Which was calculated from the next Eq. [11,12]:

Teme = Yo — Veme €Y)

where, ¥, & Yemc are the surface tension of pure water
and at Cemc at given temperature.

The values of Y., and ., for NCGSN are given in
Table 1.

Surface excess (I'max) & minimum surface area
(Amin)

TI'max & Anmin are the concentration and the minimum
area of NCGSN at the air/solution interface where the

Egypt. J. Chem. Vol. 63, No. 10 (2020)

surfactant concentration is always higher at the
interface than that in the bulk solution.

50

N
o

w
o

Surface Tension (MN m-1)

20

78 68 58 48 38 28 18
-log (C, M)
Fig. 8: Variation of the surface tension with

concentration of NCGSN in double distilled water at
25°C.
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Table 1: Surface tension parameters of NCGSN in
double distilled water at 25 °C

Ccmc Yeme Tteme Tnax X 1011 Amin
(M) (MNm?)  (MNmY  (molcm?)  (nm?)
0.0012 25.3 46.7 9.93 1.67

TI'max & Amin were calculated by the Gibbs’s adsorption
through plotting y against In C where the slope refers
tody/dIn C[13,14]:

o = (m77) (3
max = \nRT dlnC)

1014
A = —
i NAFrnax
T'max & Amin Values were calculated and represented in

Table 1. These obtained results exhibited that
NCGSN regards a good surface agent.

)

3)

3.3. Weight loss results

The corrosion rate (k) and inhibition efficiency (n,,)
were calculated using the following equations [15-17]:

AW
k= T 4
k ree — kin
Nw = u X 100 (5)
kfree

where AW is the average WL, A is the surface area in
cm?, tis the time in hour, kiree and kinn are the corrosion
rates of CS in 5% HCI in the absence and presence of
different concentrations of NCGSN, respectively.

WL data of the corrosion of CS in 5% HCI without and
with different concentrations of NCGSN is listed in
Table 2. WL decreases significantly in the presence of

Table 2

NCGSN compared to 5% HCI solution without
NCGSN. It was found that the k depends on the
concentration of NCGSN and this indicates that the
NCGSN additives inhibit the corrosion of CS in 5%
HCI solution and the inhibition efficiency increases
with increasing its concentration through forming a
protective layer on CS surface. Acid pickling of CS is
usually carried out at temperature up to 60°C in
different concentrations of HCI. Accordingly; pickling
inhibitors are expected to be chemically stable to
provide high protective efficiency under the
conditions mentioned above [18]. Also, we note the
1w values of NCGSN decrease with increasing the
temperature [19]. The corrosion rate of CS increases
slowly with increasing the temperature in the presence
of NCGSN. This result confirms that NCGSN acts as
an efficient inhibitor in the range of temperature
studied.

3.4. Activation energy (Ea) of corrosion process

The values of E, were calculated from Arrhenius
equation [20]:

k = Ae(EalRT) (6)

Fig. 9 represents plot of In corrosion rate (k) versus
(1/T) for CS in 5% HCI in the absence and presence of
various concentrations of NCGSN. The obtained lines
have slope equal to (-Ea/R). Values of E,were obtained
from slope of straight line and represented in Table 2.
E. values which were obtained in the presence of
NCGSN are greater than those obtained in 5% HCI
solution. This indicated that the adsorption of NCGSN
on CS surface is mainly physical adsorption than
chemical adsorption [21].

Weight loss and activation energy results for CS in 5% HCI with and without different concentrations of NCGSN at

various temperatures

Inhibitor 20 °C 40°C 60 °C 80 °C Ea
conc. k o w k o Nw k (] Nw k o Nw
(M) (mgcm2h™) (%) (mgcm2h™) (%) (mg cm™2 h™) (%) (mgem2h?) (%)

- 0.5665 - - 1.4453 - - 3.0789 - - 5.8352 - - 33.41
1x10* 0.0796 086 8595 0.2532 082 8248 0.7547 075  75.49 1.7192 071 7054 4441
5 x 10 0.0359 094 9367 0.1806 088 8751 0.5181 083 8317 1.1933 080 7955  50.04
1x10°% 0.0238 0.96 95.79 0.1164 0.92 91.95 0.3768 0.88 87.76 0.9845 0.83 83.13 53.26
5x 10° 0.0121 098 97.87 0.0699 095 9516 0.2146 093 9303 0.6969 088 8806 57.33

3.5. Adsorption thermodynamic parameters

The adsorption of the NCGSN molecules on the CS
surface in aqueous solutions regards substitution
process between the NCGSN molecules and water
molecules adsorbed on CS surface.

The inhibition mechanism of NCGSN illustrates by
adsorption isotherm. The surface coverage (¢) at a

Egypt. J. Chem. Vol. 63, No. 10 (2020)

certain temperature was calculated from the next
equation [22-24]:
(Wfrcc - Winh)
0= ——— 7
Wfrcc ( )
where Wsee and Wi are the WL of CS due to the

dissolution in 5% HCI in the absence and presence of
different concentrations of NCGSN, respectively.
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Langmiur adsorption isotherm for CS in 5% HCI
plotted as C/0 against C as shown in Fig. 10. A straight
line is obtained with a slope close to unity and
intercept equal (1/Kags). The obtained data fitted to the
Langmiur adsorption isotherm which characterized by
the next equation [25-27]:

c 1

= +C 8)
0 Kads (

In (k, mg cm2 h1)

| [+5% HCI ®0.0001M
4 | [400005M x0.001m
% 0.005M

28 29 30 31 32 33 34
1000/T (K1)

Fig. 9: In k versus 1/T curves for CS dissolution in the
absence and presence of different concentrations of
NCGSN in 5% HCI solution.

0.006 1

©20°C m40°C a60°C x80°C

0.005 }

0.004 }

C/0 (M)

0.003 }
0.002 }

0001 }

0000 WO
0.000 0.002 0.004
c (M)

Fig. 10: Langmuir isotherm adsorption model of
NCGSN on CS surface in 5% HCI at different
temperatures.
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© .
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L 4
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Fig. 11: The relationship between In Kas and 1/T for
CS in 5% HCI solution containing different
concentrations of NCGSN.

The adsorption free energy (AG°ags), adsorption heat
(AH®%s) and adsorption entropy (AS°qs) can be
calculated by mathematical method depending on
various temperatures.

AG°®ys Vvalues are calculated through adsorption
equilibrium constant (Kags) as the next equation
[28,29]:

AG®ags = —RTIn(55.5K,45) 9)

AG°ys characterize the interaction between the
adsorbed molecules and metal surface [30]. When
values of AG°ags up to -20 kJ mol2, they are consistent
with the electrostatic attraction between NCGSN
molecules and CS (physical adsorption) while those
more negative than -40 kJ mol? involve sharing or
transfer of electrons from the NCGSN molecules to
CS surface to form a coordinate bond (chemisorption)
[31]. In the present study, the values of AG°ygs are
ranging between -35.96 and -40.52 kJ mol?. This
indicated that the adsorption of NCGSN onto the CS
surface is physical-chemical adsorption [32]. Results
represented in Table 3 showed that AG°gs values
decreases with increasing the temperature indicating
the adsorption of NCGSN is more spontaneous with
increasing temperature.

AH%gs was calculated agreeing to the Van’t Hoff
equation [33,34]:

o]
InK,4s = (M;Z‘Tds) + constant (10)

We can get —AHCqs from slope of obtained straight line
of plotting In (Kags) vs 1/T according to Eq. (10) as
represented in Fig. 11. Negative sign of AH%qs value
in Table 3 indicated that the adsorption process of
NCGSN was exothermic [35]. The value of AH%gs
which is -14.38 indicated that the NCGSN adsorption
on CS surface in 5% HCI solution proceeds by



3695 NOVEL CATIONIC GEMINI SURFACTANT AS A CORROSION INHIBITOR FOR CARBON....

physical more than chemical adsorption for the
NCGSN molecules on the CS surface.

AS°4s was obtained using the basic thermodynamic
equation [36]:

AG:;)ds =A z;)ds - TASa?ds (11)

The positive values of AS%s indicated the spontaneous
adsorptive ability of the NCGSN species on CS
surface [37].

Table 3: Standard thermodynamic adsorption
parameters in the presence of different concentrations
of NCGSN on CS in 5% HCI at different temperatures

Temp- Kads AGoads AHOads Asoads
(°C) (MY (kImol?) (kIJmol?) (I molt K?
20 46407 -35.96 -14.38 73.65
40 28054 -37.10 72.60
60 18238 -38.28 71.78
80 17871 -40.52 74.05

3.6. Potentiodynamic polarization results

Typical current-potential of NCGSN in 5% HCI in the
absence and presence of different concentrations of
NCGSN are shown in Fig. 12. Values of Tafel
parameters such as corrosion potential (Ecorr), anodic
& cathodic Tafel slopes (. & pS., respectively) and
corrosion current density (icorr) are listed in Table 4.
The inhibition efficiency () was calculated from
polarization measurements according to the next
relation [38]:

i -1 inh
np — _corr _ corr( )X 100 (12)

Leorr
where iconr and icor(inh) are the corrosion current
densities for CS in the uninhibited and inhibited

solutions, respectively.

The presence of NCGSN does not unusually shift the
Ecorr and the values of S and fc change slightly in the
range less than 85 mV. This suggests that the
corrosion mechanism of CS in 5% HCI solution does
not change when the NCGSN is added. It is indicating
that NCGSN is a mixed type because they prevent both
the anodic and cathodic processes. Where NCGSN
adsorb first onto CS surface and subsequently lead to
reduction of surface area available for corrosion
reactions by blocking merely the reaction sites of CS
surface [39]. It was found that i decreases with
increasing the NCGSN concentration, which indicates
that the presence of NCGSN retards the dissolution of
CS in 5% HCI and the inhibition value depends on its
concentration.

111
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Fig. 12: Anodic and cathodic polarization curves for
CS at 20 °C in 5% HCI with and without different
concentrations of NCGSN.

Table 4

Potentiodynamic polarization parameters for CS in 5%
HCI with and without different concentrations of
NCGSN at 20 °C

Conc. of Ecorr icorr ,Ba c Hp
inhibitor (mvV) (MAcm?)  (mVdecl) (mV dec?t) (%)

M)

0.00 -511.8 0.6133 81.3 -90.6 -
1x10* -518.0 0.0942 141.8 -130.0 84.64
5x104 -532.2 0.0478 174.9 -118.2 92.21
1x103 -525.8 0.0323 164.2 -180.9 94,73
5x103 -531.8 0.0185 160.3 -191.7 96.98
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3.7. EIS results

The semicircular capacitive loops of CS in 5% HCI
solution in the absence and presence of different
concentrations of NCGSN are noted as shown in Fig.
13. This figure shows that the addition of NCGSN
results in an increase in both real and imaginary
impedance. This is due to the formation of an isolating
layer of NCGSN on CS surface. The increment in
charge transfer resistance (Rc;) with the increment in
the concentration of NCGSN is due to the increase in
surface coverage for active sites on CS surface. Fig.
13 shows the frequency dispersion in Nyquist plot at
low frequency and this behavior results to
irregularities and heterogeneities of CS surface [40].
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Fig. 13: Nyquist plots for CS at 20 °C in 5% HCI with
and without different concentrations of NCGSN.

The inhibition efficiency got from the charge-transfer
resistance is calculated using the next equation [41]:
_ Roct - Rct
T]I = Tct x100 (13)
where R°%: and R are the charge-transfer resistance
values with and without inhibitor, respectively.

Fig. 13 shows that the impedance (Zcpe) value
increases with increasing the NCGSN concentration.
CPE impedance is calculated by [42,43]:

ZCPE = Q-l (iwmax)-n (14‘)

where Q, Wpax = 2Tfmax, f, I, N are constant phase
element, the angular frequency, the frequency at the
maximum imaginary element of the impedance, the
imaginary number and a coefficient of surface
inhomogeneity, respectively.
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Fig. 14: Bode and phase plots for CS at 20 °C in 5% HCI with and without different concentrations of NCGSN.

Fig. 14 detects only one maximum curvature in Bode
plot. This means the equivalent circuit to this system
formed one circuit only. This circuit (Fig. 15) consists
of solution resistance (Rs) and CPE as a substitute to
capacitance of double layer (Ca) and non-ideal
capacitance in parallel with R as used in previous
CS/acid interface model [44,45].

The values of Cgy calculated using the next equation
[46,47]:

Cdl = Q(wmax)n-l (15)

The results obtained from this complex plot are given
in Table 5.

CPE
RE.
s W.E.

RAct

Fig. 15: The corresponding equivalent circuits used to
fit the EIS experimental data for CS in 5% HCI with
and without different concentrations of NCGSN.

Table 5: Electrochemical impedance parameters for CS in 5% HCI with and without different concentrations of

NCGSN at 20 °C

Conc. of inhibitor Rs Qui
(M) Qcm?) (mQls"cm?)

Ret Chsq Cal 7

(Qcm?) WFem?) (%)
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0.00 2.1 0.7845 0.80 29.92 0.00082 116.5 -

1x10* 2.7 0.1151 0.90 187.6 0.00386 18.6 84.05

5x10* 2.5 0.0674 0.91 3924 0.00514 8.8 92.38

1x10°8 2.9 0.0323 0.85 583.1 0.00837 6.4 94.87

5x10°3 2.0 0.0263 0.86 752.8 0.00743 5.1 96.03
From Table 5, it is apparent that R value of CS in the solution is considered as an electrical capacitor.
uninhibited solution increases significantly after the The decrease in this capacity could be assigned to the
addition of NCGSN. The values of n were in the range regular replacement of water molecules by the
from 0.80 to 0.91, representative non-ideal capacitive adsorption of NCGSN at the CS/solution interface.
actions. The adsorption process is due to surface film

formation of NCGSN protecting the metal against
corrosion [48-51]. EIS results revealed that corrosion
inhibition efficiency of the NCGSN increases with
increasing its concentration.

3.8. SEM strongly damaged in absence of NCGSN while Fig.

. . . 16b reveals that CS surface is protected by formed
Fig. 16a,b shows SEM image of CS coupon in 5% HCI L L .
in?he absence and presencegof 0.005M IEICGSN foor 24 p_rote_ctl\{e_f_llm Of.NCGSN' This image confirms the
h at 20 °C. Fig. 16a reveals that CS surface was high inhibition efficiency of NCGSN.

: PP SR i -

From Table 5, the addition of NCGSN to the corrosive
solution decreases the double layer capacitance. The
double layer between the charged metal surface and

b s 9
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- 2 3 = 2
G PR 48
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Fig. 16: SEM images of CS in 5% HCI solution at 20 °C: (a) in the absence of the inhibitor and (b) in the presence of
NCGSN at 5x10° M.

3.9. EDX O and N atoms of NCGSN molecules for the sample
immersed in the inhibited solution. Such results are
due to adsorption of protective barrier films of the
inhibitor species on the metal surface which reduce the
corrosion rate. These results are matched with those
obtained from SEM micrographs.

Fig. 17a,b shows EDX micrographs of carbon steel
sample in 5% HCI in the absence and presence 5 x 10°
3 M of the NCGSN, respectively, at 20 °C after 24 h
immersion. It is clear that the micrograph detected the
presence of oxygen and chlorine elements (corrosive
elements) for the sample immersed in 5% HCI solution
and absence of the corrosive elements and exhibits C,

Egypt. J. Chem. Vol. 63, No. 10 (2020)
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Fig. 17: EDX chart of CS in 5% HCI solution at 20 °C: (a) in the absence of the inhibitor and (b) in the presence of

NCGSN at 5x10° M.
3.10. Inhibition mechanism

Adsorption of NCGSN on CS surface may occur
through one or more of the following ways: (a)
physical contact between NCGSN and CS surface
through the static charges on molecules and metal, (b)
chemical interaction of electron pairs in NCGSN with
CS, (c) interaction of double bond electrons with CS
and/or, (d) blend of two or more of previous types (a—
c). The adsorption of quaternary ammonium salton CS
surface in HCI medium begins with ammonium ion
(N") then followed by counter ion (Br) because CS
surface becomes negatively charged in HCI [52]. The
NCGSN molecules are adsorbed on charged sites of
CS surface through electrostatic attraction force
between the ammonium groups (N*) and bromide ions
with anodic-cathodic locations on CS surface but n
electron of benzene ring and lone pair of electron of O
atoms formed chemical bond with vacant d orbital of
iron.

4. Conclusion

1. The synthesized novel NCGSN is a good
corrosion inhibitor for CS during pickling
process. The inhibitory efficiency of NCGSN
depends on its concentration.

2. Surface tension results exhibited that NCGSN
regards a good surface agent.

Egypt. J. Chem. Vol. 63, No. 10 (2020)

3. NCGSN acts as mixed-type inhibitor.

4. The high inhibition efficiency of NCGSN was
explained by adsorption of NCGSN molecules on
CS and formed a protective film.

5. The adsorption of NCGSN on CS surface from
5% HCI solution follows Langmuir adsorption
isotherm. The thermodynamic parameters suggest
that NCGSN is strongly adsorbed on CS surface.

6. The adsorption of NCGSN on CS surface takes
place through electrostatic interactions in addition
to charge sharing or transfer from the NCGSN
molecules to CS surface to form chemical bonds.

7. SEM & EDX image of CS in 5% HCI in the
absence and presence of 0.005 M NCGSN
confirmed the WL, PP and EIS results.
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