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Abstract

Three Gemini cationic surfactants (Gl-surfactants) of different hydrophobic chain lengths based on di-imine compound,
abbreviated as GI-6, GI-12 and Gl-14, were synthesized and characterized using FT-IR and *HNMR. The surface-active
parameters calculated in acidic media were discussed. The inhibition performance of Gl-surfactants for X65-steel corrosion was
assessed by weight loss and electrochemical techniques in 1M HCI and was accompanied by surface analysis and theoretical
studies. The resistance of X65-steel was enhanced to nearly ~764 ohm.cm? after adding 1x10° M of GI-14. This inferred a
protective film formation on the X65-steel surface via adsorption phenomena that followed the Langmuir isotherm. The GI-
surfactants’ inhibition efficiency exceeded 95% at room temperature and 93 % at 328 K owing to the electron-rich centers’
presence in their chemical structures. The relation between the prepared Gl-surfactants molecular structures and their corrosion
inhibition performance was studied theoretically based on DFT and MCs methods. The safeguard effect of Gl-surfactants was
confirmed by SEM and EDX. The comparison study between the Gl-surfactants’ performance and the previously reported

compounds confirmed their high potential applications as corrosion inhibitors.
Keywords: X65-steel; Corrosion; Gemini surfactant; CMC; EIS; DFT.

1. Introduction

The natural tendency for most metals to react with
moisture and oxygen causes’ corrosion; in addition to
that, metals like to restore their natural occurrence.
The common industrial material that is widely used is
carbon steel due to its unique metallic features [1]. HCI
takes part in various industrial applications especially
in the petroleum field in acidizing and acid cleaning
processes. Generally, HCI has offensive action against
metallic structures, and this led to economic loss [2].
This dilemma urged scientists to mitigate the HCI
effect in industrial processes [3]. Corrosion inhibitors
were classified into major groups: organic, inorganic,
and a mixture of them. Surfactants “Surface-active
organic compounds” could effectively use for
corrosion inhibition owing to low/simplified synthetic
cost, low toxicity, and high efficiency [4, 5].

Gemini surfactants which contain two hydrophilic
and two hydrophobic groups and separated by a spacer
were considered a subclass of cationic surfactants.
Better solubility and highly efficient surface properties
of Gemini surfactants with low values of both CMC
and surface energy superior to those of conventional
surfactants make Gemini cationic surfactants have a

probable application in several scientific and industrial
fields [6, 7]. The effectiveness of an inhibitor was
powerfully related to its concentration, chemical
structure [8]. Hegazy et al. [9] documented a detailed
study on the influence of 4,4'-(((1E,5E)-pentane-1,5-
diylidene)bis(azanylylidene))bis (1-dodecylpyridin-1-
ium) bromide (SCGS) on steel corrosion in 1M HCI.
The results revealed that SCGS form a stable complex
on steel surface when adsorbed on it. Moreover, the
inhibition efficiency of the metal corrosion that was
elevated by increasing both the SCGS's concentration
and the applied temperature values attained 1E% 95.5
at 1x1073. Tawfik.M [10] discussed the influence of
three ionic liquid based Gemini cationic surfactants
(G2IL, G3IL and G6IL) on carbon steel in 1M HCI,
where he found that the prepared compounds could
inhibit corrosion on the carbon steel surface by
adsorbing on it, in which the inhibition efficiency
increases with increasing their concentration but
decreases with increasing temperature. Recently, the
study of the inhibition action of Gemini surfactants in
several aggressive media got a lot of attention [11, 12].
Gemini cationic surfactant had enhanced adsorption
ability on metal surfaces that shields surface from the
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destructive media owing to the existence of centers
with high electron density such as (N, P, © electrons,
and aromatic ring) in addition to the hydrophobic
chain [13].

Therefore, we have initiated the current study on
three Gemini surfactants (Gl-surfactants) that contain
quaternarization centers with long aliphatic chain to
facilitate their adsorption on the surface of X65-steel
and then improve their corrosion inhibition efficiency.
The efficiency of the new synthesized surfactants is
higher than the other organic inhibitors because of
surfactant compounds exist at the interface between
corrosive media and steel surface by more
concentration. Accordingly, the surfactant compounds
are more efficient than the same organic compounds at
the same concentration. To the best of our knowledge,
the above-mentioned synthesized surfactants have
neither electrochemically nor theoretically studied for
metals corrosion inhibitors in 1M hydrochloric acid.

The main target of this work is to prepare cheap,
environmentally  friendly,  non-toxic  natural
compounds that could be used for acid pickling of
carbon steel in acid medium. Therefore, the newly
synthesized Gl-surfactants have been evaluated as
X65-steel corrosion in 1 M hydrochloric acid via
different chemical and electrochemical techniques
respectively. Also, the effect of Gl-surfactants at
different concentrations and temperatures on its
inhibition behavior has been also studied. The
correlation  between  Gl-surfactants  chemical
structures and their inhibition performance studied
with the aid of quantum indices parameters based on
density function theory (DFT) and Monte Carlo
simulation (MCs).

Finally, surface morphology and the chemical
composition of outer layer of X65-steel with the aid of
(SEM) and (EDX) have been studied.

2. Experimental
2.1 Chemicals

The chemicals were purchased and used in the
absence of further purification with high purity grade
as follow; 4-(Dimethyl amino) benzaldehyde, 1,4-
Diaminobutane, and HCI (37%) of analytical grade
were purchased from Alpha Chemistry Company.
Ethanol and diethyl ether were purchased from Bio.
Chem, Egypt. Whereas, 1-Bromohexane, 1-
Bromododecane, and 1-Bromotetradecane were
purchased from Aldrich, Germany.

2.2. The chemical synthesis

The inhibitors used in this work were prepared
through two steps.

In the first step, the Schiff base compound ((N1Z,
N4E)-N1, N4-bis (4 (dimethylamino) benzylidene)
butane 1,4-diamine) was synthesized by a
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condensation reaction between 4-(Dimethylamino)
benzaldehyde and 1,4-Diaminobutane in molar ratio
2:1 in 25 mL ethanol (EtOH), with three droplets of
HCI for 7h. In the second step, three Gl-surfactants
were obtained by quaternization reaction of the
previously prepared Schiff base separately with alkyl
halides of dissimilar alkyl chain lengths (hexane-,
dodecane- and tetradecane-bromide) using 1:2 molar
ratio in 50 ml ethanol at 373 1K for 36 h [14]. The
reaction mixtures were permitted to settle down, and
the yields were filtered out and then rinsed with diethyl
ether followed by recrystallization using ethanol to
produce: 4,4-((1Z,1'E) - (butane-1,4 diyl bis
(azanylylidene)) bis (methanylylidene)) bis (N- hexyl-
N,N - dimethyl benzeneaminium) bromide (GI-6),
4,4'-((1Z,1'E) - (butane-1,4 diyl bis (azanylylidene))
bis (methanylylidene)) bis (N- dodecyl- N,N -
dimethyl benzeneaminium) bromide (GI-12) and 4,4'-
((1Z,1'E)-(butane-1,4- diyl bis (azanylylidene)) bis
(methanylylidene)) bis (N, N- dimethyl-N- tetradecyl
benzenaminium) bromide (GI-14), respectively, as
shown in Scheme 1. The final products were filtrated
and dried to attain the prepared Gl-surfactants.

The synthesized Gl-surfactants’ chemical structure
was distinguish using FT-IR and HNMR spectral
analysis. The IR spectra of the powdered sample were
verified on Shimadzu FTIR-8300. While the HNMR
spectra were verified on Bruker Spectro spin
instrument at 500 MHz Ultra Shield magnets [15]
with the sample dissolved in DMSO-d.
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Scheme 1 Synesies of Chemical structure of the prepared gemini surfactants

2.3. Steel specimen
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Iron (Fe) was the major component in the chemical
analysis of X65-steel and the residue was: 0.210 % Si,
0.103 % C, 0.024 % P, 0.012 % Ni, 1.05 % Mn, and
0.032 % Cao.

2.4. Surface tension calculations

Surface tension of the freshly synthesized (GI-6,
GI-12, and GI-14) surfactants solutions at 298 +1K
were calculated by using Tensiometer-K6 processor
(Kriiss Company, Germany) by using Pt ring method
[16]. For each experiment surface tension of 1M, HCI
was obtained and among the measurement runs, the
ring was cleaned with acetone followed by deionized
water.

2.5. Solutions

1M of hydrochloric acid is freshly prepared, used
as a corrosive medium and 1x102 M stock solution of
three Gl-surfactants in 1 M HCI were prepared
followed by acid dilutions to obtain concentration
range from 1x10° to 1x10° M of the investigated GlI-
surfactants at 298 £1K.

2.6. Weight loss measurements

This method is easy and reliable to assess the
corrosion rate and inhibition effect of an inhibitor [17].
A clean weighed of X65-steel sheets with dimensions
(4.7 x 1.8 x 0.14) cm is fully immersed for 6h in a
bottle 0.1 L of 1M HCI without and containing series
concentrations (1x107 to 1x10-3 M) of the prepared GI-
surfactants at 298 +1K. The effect of high temperature
on the performance of the prepared surfactant in range
(298-328 £1K) can be understood using weight loss
measurement in the existence of 1x10° M of GI-
surfactants in 1M HCI solution.

2.7. Electrochemical measurements

Electrochemical procedures were accomplished by
using Auto-lab (PGSTAT-128N) potentiostat/
galvanostat in an ordinary electrolytic jacketed glass
cell, 0.1 L, through a three-electrode system as follow:
platinum sheet as auxiliary electrode, X65-steel as a
working electrode and Ag/AgCl/(3M KCI) as
reference electrode (connected to electrochemical
system via luggin capillary tube). All measurements
were managed at 298 +1K. X65-steel electrode was
cut into cylindrical shape and shielded with epoxy
resin leaving a surface area of 1cm? to contact the
solution. Before running all experiments, X65-steel
surface area was abraded with emery paper of
dissimilar grades from 600 to 2500, cleaned twice with
distilled water and acetone. X65-steel electrode was
engrossed for 30 min. in a test solution until a steady
state (Eocp) was attained.

Electrochemical impedance spectroscopy (EIS)
was executed at Eqpc in a frequency range of 100000-
0.1 HZ with an amplitude of 10 mV peak to peak using
AC signals. For the inhibition efficiency calculations
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(IE %), charge transfer resistance (R..) values were
used as a function in IE% values of EIS according to
the following equation [18]:

IE% = (1 = Rcg(plank)/Ret(inny) X 100 1)

where, Reyplanky @Nd Rey(inny are the X65-steel charge
transfer resistances free and with Gl-surfactants,
respectively. Potentiodynamic polarization (PDP)
measurements were used to determine the cathodic
and anodic polarization curves of X65-steel in blank
HCI, and after treatment with dissimilar
concentrations of Gl-surfactants. PDP curves were
attained by varying the electrode potential in range of
+ 400 mV around the open circuit potential at a scan
rate of 1 mV/S. The 1IE% values were intended
according to the next equation [19]:

[E% = (1 - icorr/iZorr) x 100 (2)

where, i and ico, represent the values of
specific corrosion current density with and free Gl-
surfactants molecules, respectively. Nevertheless,
Nova 2.1.4 software has been used to fit the
electrochemical data. All the measured potentials were
referred to the Ag/AgCl electrode potential.

2.8. SEM/EDX study

The surface analysis study of X65-steel surface
immersed in HCI for 6h has been executed with the aid
of Scanning electronic microscope (SEM) [20, 21],
linked with Energy Dispersive X-ray spectroscopy
(EDX) unit before and after addition (1x10-3 M) of GI-
14 surfactant at 298 +1K. QUANTA FEG-250 (Field
Emission Gun) instrument model is selected to
perform the X-65-steel surface analysis.

2.9. Computational studies

Geometry optimization and quantum chemical
calculations for the three Gl-surfactants were obtained
in a vacuum and solvated phases with convergence
tolerance of medium quality using VAMP module.
Based on density functional theory (DFT) [22], the
chemical parameters were attained from the
Hamiltonian neglect of diatomic differential overlap
(NDDO) with the parameterized element modified
neglect of differential overlap (MNDQO) using
BIOVIA Materials Studio 17.1.0.48 software. The
calculated parameters embrace the energy of highest
occupied molecular orbital (Enomo, €V), energy of
lowest unoccupied molecular orbital (ELumo, €V),
energy gap (AE, eV = ELumo— Erowmo), electron
affinity (A), ionization potential (), electronegativity
(x), softness (o), hardness (r) and number of the
electron transferred (AN) [23].

The adsorption energies of the three Gl-surfactants
on X65-steel surface were intended from Monte Carlo
simulation (MCs) supported by the adsorption locator
module in Material Studio software. The MCs has
been operated in vacuum and solvent phases. The
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adsorption energy (Eags) attained from the interaction
between Gl-surfactants and the X65-steel surface was
intended by introducing the greatest stable Fe crystal
with surface cleavage (1 1 0). MCs process was
performed in a simulated box with the following
dimensions in Angstroms (49.6 x 49.6 x 24.05) with
periodic boundary conditions and the cleavage plane
was expanded to a (20 x20) supercell. And then 15 A
vacuum slab was built over Fe (1 1 0) plane to
eliminate the periodic boundary effect. The annealing
simulated process of (MCs) was done through 10
cycles with 15000 steps individually till reaching
optimization for surfactant/ Fe (1 1 0) system, where
the total energy of the system fluctuated about the
mean value. The force field was set to COMPASS with
medium quality of the energy calculation.

3. Results and discussion
3.1. Structure confirmation

The chemical structure of the prepared GI-
surfactants in Scheme 1 was confirmed by FTIR and
'HNMR spectra. Primary, the FTIR spectrum
displayed the principal characteristic bands of the
synthesized surfactant (GI-14) as a representative one
in Fig. 1. IR (v, cm™): 2926.75 (C-H asymmetric),
2812.07 (C-H symmetric), 1605.63 (C=N), 1445.41
(C=C aromatic), 813.32 (C-H aikene bend). ‘HNMR
(DMSO-ds, ppm) spectrum of the synthesized
surfactant (GI-14) was exposed in Fig. 2. The
spectrum displayed different bands at: & 3.35(s, 12 H,
4 CHs), 1.59 (m, 4H, 2CHy), 3.47 (t, 4H, 2CH), 6.8
(d, 2H, J = 8.11 Hz, Ar-H), 7.6 (d, 2H, J = 8.21 Hz,
Ar-H), 8.12 (s, 2H, CH enaminic), 2.9(t, 4H, 2CHy), 1.68
(m, 4H, 2CHy), 1.22 (m, 44H, CH ajiphatic chain), 0.88 (d,
6H, 2CHs).

3.2. Surface active properties

3.2.1. Critical micelle concentration (Cemc) and
Surface tension (yemc)

Surface active properties of Gl-surfactants were
measured at 298 +1K, an increase of adsorbed
surfactant molecules with their gradually increased
concentration at HCl/air interface caused a decreasing
in the surface tension. The C.,. values of GI-
surfactants were calculated from the intersection
between (y) and (—logC) (Fig. 3 and Table 1) [24].
The C.me Was directly proportional to the number of
methylene moieties (hydrophobic chain length) in the
order: GI-14 > GI-12 > GI-6. The result ensured an
inversely proportional correlation between surface
tension and the molar concentration of the GI-
surfactants until reaching the CMC. After the critical
concentration, almost a steady surface tension was
obtained (Fig. 3). Consistent outcomes were revealed
from Table 1, where yemc Of GI-14 was the smallest
value, hence the more densely (bulky) the GI-
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surfactants the more adsorption occurs at air/HCI
interface [25].
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Fig 3: Variation of the surface tension with the prepared GI-
surfactants concentrations in water at 298 +1K.

Table (1): Surface properties of the synthesized Gl-surfactants in 1
M HClI at 298 +1K.

Inh ; CMC Yeme Teme Tmax. Anin.

¢ mol dm) (MN m) (MmMNm?t)  (molem?)  (nm?) x107
Gl-6 0.00125 29.6 30.4 0.00019 8.339
Gl-12 0.0025 26.5 335 0.00023 7.101
Gl-14 0.005 235 36.5 0.00027 6.055

3.2.2. Effectiveness (7zemc)

The above-calculated surface tension values peme
was correlated to the effectiveness (surface
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pressure; .m.) for the Gl-surfactants (Table 1) using
the equation [26]:

Teme =V, — Yeme (3)

Where ¥, and Yeme Were the surface tension of HCI
(60 mN/m) at the assigned temperature and the surface
tension at CMC respectively. The greatest powerful
inhibitor was one that gave the bigger dropping in
surface tension with high efficacy value at CMC where
the GI-14 (m.me= 36.5 mN/m) was the greatest
effective one with the lowest surface tension compared
to 33.5 and 30.4 (mp) for GI-12 and GI-6 surfactant,
respectively [27].

3.2.3. Maximum Surface Excess (I'max)

Ihax Of Gl-surfactants solution is the quantity of
Gl-surfactants molecules per wunit area at the
solution/air interface, it was intended from the slope (d
y/dInC) of a linear plotting of (y) against (InC)
according to Gibbs’s adsorption equation [28]:

Fmax = (_ 1/nRT)(dy/dlnC) (4)

where C was the concentration of the prepared Gl-
surfactants, R was the universal gas constant, T was
the absolute temperature and y represented the surface
tension. The n value was taken as 3 for a dimeric
compound made up of divalent ion and two univalent
counter ion in the absence of a swamping electrolyte
[29]. Similar to the above-mentioned results, I1,,x Was
directly proportional to number of methylene moieties,
i.e., bulky Gl-surfactants were firmly packed in the
solution/air interface (Table 1). Note that Gl-14
surfactant had high maximum surface excess (I1,.x=
0.00027) compared with the GI-12 and GI-6
surfactants  (I,.x= 0.00023 and  0.00019),
respectively.

3.2.4. Minimum surface area (Amin)

Quantitatively in nm? at the solution/air interface,
the degree of packing and the orientation for each
adsorbed inhibitor molecule could be effectively
described with the aid of minimum surface area
(Amin)- Amin Was function in I1,,, according to the
following equation [30]:

Amin = 1014/(NA rmax ) (5)

where, N, was the Avogadro’s number and [},
was the maximum surface excess as per listed in Table
1. Larger values of I;,,, designated a higher number
of adsorbed molecules at solution/air interface. Hence,
the available area for each molecule was reduced at the
surface interface. According to data attained in Table
1 it was obvious that, increasing the alkyl chain length
led to a decreasing in Ap,;,: the area occupied by each
molecule. The discussed surface-active parameters
indicated the affinity of Gl-surfactants molecules to be
adsorbed at the interface therefore, the studied Gl-14
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surfactant had a higher tendency to cover/protect the
X65-steel surface against the corrosive media than Gl-
12 and GI-6, enhanced surface shield against
corrosion.

3.3. Weight loss measurements
3.3.1. Effect of concentration

At room temperature (298 +1 K), average weight
loss (AW) could be obtained by subtracting the initial
(Wo) and final (W) weights of the X65-steel coupons
after immersion for 6h in corrosion test media.
Moreover, the rate of corrosion CR (mg cm? h?),
surface coverage (6), and the inhibition
efficiency (IE % ) of the prepared surfactants could be
calculated using the following formulas [31]:

AW

AW-AW
0 = (2 0
IE % = 6x100 ®)

where S, was the surface area of the X65-steel
specimen (cm?), t, was the immersion time (64), and d,
was iron density (7.85 g.cm®). The CR, IE %, and &
were attained from AW of X65-steel coupons in 1M
HCI before and after immersion with the GI-
surfactants “inhibitors” at the selected concentration
range (1x10° to 1x10° M) (Table 2). In agreement
with Ref. [32], the corrosion rate simultaneously
decreases by increasing the concentration of
surfactants. High inhibition efficiency was observed at
1x10% M of the Gl-surfactants; 95%, 96%, and 97%
for GI-6, GI-12, and GI-14, respectively. This
significantly increased the strength of the adsorption
film formed on the iron surface coupons via the high
electron density centres exist on surfactant molecules
side by side to the alkyl chain length which the
intensity of adsorbed protective film over X65-steel
surface. The Gl-surfactants’ efficacy increased by
increasing chain length (from 6 to 14). This behavior
is due to the fact that the adsorption coverage of
inhibitor on X65-steel surface increases with the
inhibitor concentration. Note that, the bulky methylene
alkyl chain kept the aggressive CI- anions away from
X65-steel surface [33], which led to high protection
and highest inhibition efficiency in case of Gl-14
surfactant.
Table (2): Corrosion parameters obtained from weight loss
measurements of X65-steel coupons after 6h immersionsin 1 M HCI

solution with and without addition of various concentrations of the
synthesized Gl-surfactants at 298 +1K.

At the optimum concentration (1x10 M), potential
application of Gl-surfactants as corrosion inhibitor for
X65-steel in 1 M hydrochloric acid media could be
obtained from the perseverance resistance of the film
formed during exposure to harsh conditions of
temperature and aggressive acid concentration:
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< Effect of temperature

Generally, the iron dissolution rate increased with
temperature, due to increasing the kinetic motion of
electrolyte (HCI) and hydrogen gas bubbles evolved
which led to desorption of the formed layer over X65-
steel surface and increased the exposed area of metal
subjected to HCI solution. But the dissolution rate
became much lower by adding Gl-surfactants related
to the blank counterpart. The inhibition efficiency
values of Gl-surfactants at (1x103 M) for the X65-
steel corrosion in 1 M HCI at temperature range (298-
328 +1K) were tabulated in Table 3 and observed in
Fig. 4. We can conclude from the data obtained that,
higher adsorption features of Gl-surfactants molecules
even in high-temperature conditions were 3% loss of
inhibition efficiency of GI-14 over the wide
temperature rang studied. It was worth mentioning
that, the inhibition efficiency was kept above 93% for
all Gl-surfactants implemented herein (1x10° M) at
severe temperature up to 328 K as might be the case in
Gulf region in the summer, such efficiencies were
considered good enough for corrosion inhibitor
candidates. The IE% was inversely proportional to
temperature which was initially devoted to a sort of an
equilibrium in adsorption-desorption process of Gl-
surfactants, which was then shifted towards a
desorption process [34]

% HCI concentration

We have carried similar investigation of the Gl-
surfactants at higher concentration of HCI from (2-5
M), these results were tabulated in Table 4. Gl-
surfactants at (1x10-2 M) saved the corrosion inhibition
resistance of X65-steel at 96.91%, 95.85%, 95.03%

Table 4. This observed high application potential
of Gl-surfactants as X65-steel corrosion in acidic
applications (acidizing and acid cleaning process).

Inh. C(M) CR(gcm2h? 2] IE (%)
Gl-6 Blank 0.007 - -
1x10° 0.003 0.556 55.6
5x10°° 0.001 0.779 77.9
1x10* 0.0007 0.890 89.0
5x10 0.0004 0.937 93.7
1x10° 0.0003 0.952 95.2
GI-12  1x10° 0.0028 0.598 59.8
5x10°° 0.0011 0.842 84.2
1x10* 0.0006 0.916 91.6
5x10 0.0004 0.947 94.7
1x10°° 0.0002 0.966 96.6
Gl-14 1x10° 0.002 0.624 62.4
5x10°° 0.0009 0.858 85.8
1x10* 0.0004 0.929 92.9
5x10* 0.0003 0.951 95.1
1x10°° 0.0001 0.972 97.2
08 97.5

CR x10°(mg cm™ h'')
&
T
1E (%)

L L L L 1 L L 93.0
295 300 305 310 315 320 325 330

T (K)

Fig 4: Influence of the temperature range (298-328) +1K on the
rate of corrosion and the inhibition performance of the prepared
Gl-surfactants (GI-6, GI-12, GI-14) at 1x103 M. and 94.79% in
(2, 3, 4 and 5 M HCI) respectively,

Table (3): Corrosion parameters obtained from weight loss measurements of X65-steel coupons after 6h immersions in 1 M HCI solution with
and without addition of 1x10-* M concentration of the synthesized Gl-surfactants at different temperatures.

Inh. C(M) Temperature
298 +1K 308 +1K 318 +1K 328 +1K
CR o 1E CR o IE CR (2] IE CR (2] 1E
(gem? (%) (gem? %) (gem? %)  (gem? (%)
h?) h?) h) h?)
GI-6 Blank  0.007 - - 0.0095 - - 0.0105 - - 0.011 - -
1x100 0.0003 0.952 952 0.0005 0.946 946 0.0006 0939 939 0.0007 0932 93.24
3
GI-12 Blank  0.007 - - 0.0095 - - 0.0105 - - 0.011 - -
1x10© 0.0002 0.966 96.6 0.0004  0.96 96  0.0006 0947 947 0.0007 0.939 939
3
GI-14 Blank  0.007 - - 0.0095 - - 0.0105 - - 0.0110 - -
1x10© 0.0001 0.972 97.2 0.0003 0.967 96.7 0.0004 0957 957 0.0005 0.95 95
3

3.4. Adsorption isotherm

Dissimilar adsorption isotherm models, Langmuir,
Temkin, Frumkin, AL-Awady, Flory—Huggins and
Freundlich [35] have been applied to explain the
behavior of a particular inhibitor on the steel surface
whether its chemical and/or physical adsorption based

Egypt. J. Chem. 65, No. SI:13B (2022)

on weight loss data. The current Gl-surfactants
adsorption model on X65-steel surface followed

Langmuir isotherm according to the following
equation:

C:

inh/ g = 1/Kags + Cinn ©)
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where (C;,p) Was the inhibitor molar concentration of
Gl-surfactants and (K,qs) was the adsorption
equilibrium constant. For the prepared surfactants; Gl-
6, GI-12, and GI-14, the Langmuir plots (Cinh/g
vs. Cipn) Showed a straight line with good regression
coefficient (R 0.9999) and slope values closed to
unity. The output Langmuir adsorption isotherm
parameters were tabulated in Table 5, whereas the
reported K,q4s were intended from the reciprocal of the

intercept of Ci“h/g vs. Cinp CUrve, Fig. 5. A large value

of K,q4s attribute to the stronger and more stable
adsorbed layer formed on the metal surface favoring
the investigated Gl-surfactants as efficient corrosion
inhibitors with a bit preference of GI-14. It has been
already established that, K,4s was correlated to the
standard free energy of adsorption (AG,4) inferred
from the following equation [36]:

AG,4s = —RT In(55.5K,45) (10)

ads

where T was the absolute temperature (298 K), R
was the gas constant (8.314 J/mol. K) and the value
55.5 was the water molar concentration. The
calculated AG, 4 of the prepared Gl-surfactants at 298
K were given in Table 5. The negative value of AG,
assumed spontaneous/stable adsorption of GlI-
surfactants on the X65-steel surface. Moreover, many
studies have differentiated between chemisorption and
physisorption processes according to AG, 4 values. As
a basic rule, AG, 4 values of -20 or lower were related
to an electrostatic interaction among charged
molecules and charged steel surface (physisorption),
whereas values of -40 or higher were related to charge
transfer between the surfactant molecules and the steel
surface to procedure a coordinate covalent bond
(chemisorption).

In the current study, the values of AG.4, were -
38.5, -39.1, and -39.3 (kJ mol™) for GI-6, GI-12, and
GI-14, respectively.

Referring to the detailed numerical values of AG, 4
given in [37]. The adsorption of Gl-surfactants on
X65-steel surface is neither typical physisorption nor
typical chemisorption but is a complex mixed type of
chemical/physical adsorption [38], in addition, it was
preferably chemical adsorption because AG, 4, values

ads
were higher and close to -40 kJ mol ™.
Table (5): Standard thermodynamic parameters of the adsorption on
the X56-steel surface in 1 M HCI solution containing different
concentrations of the synthesized Gl-surfactants at 298 +1K.

Inh. R2 SlOp Kadi (M- AGOads_l(kJ
e mol™)
Gl-6 1 1.04 103.003 -38.54
Gl- 0.999
12 9 1.02 128.706 -39.10
Gl-  0.999
14 9 1.02 140.121 -39.31
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—=—Gl-6, R2, 1, slope, 1.041
—e— GI-12, R?, 0.999, slope, 1.029
.999, slope, 1.024

L L 1 L L 1 L 1 L L L
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Cx107 (M)

Fig 5: The Langmuir isotherm adsorption plots for X65-steel in
(1.00) M HCI containing different concentrations of the
synthesized Gl-surfactants (GI-6, GI-12, GI-14) at 298 +1K.

3.5. Activation thermodynamic parameters

We have also studied the thermodynamic indices
(Ea; activation energy, AH™; enthalpy of activation, and
AS"; entropy of activation) of X65-steel reaction free
and with 1x10® M of studied Gl-surfactants using
Arrhenius and transition state equations [39]:

InCR = Ink — (Fa/pr) (11)

InCR/p = =AH /4w R/, +857/0 (12

where, CR, K, R, h, and N were the corrosion rate
derived from the weight loss of X65-steel, Arrhenius
constant, universal gas constant, Plank’s constant, and
Avogadro's number, respectively. Slope of In CR vs T
Lin Fig. 6 gave the value of E, (Ea= (slope*R)), which
was found higher in case of Gl-surfactants than that in
case of pure HCI solution, revealing the adsorption of
Gl-surfactants on the X65-steel surface, shielding it
from the aggressive HCI medium, Table 6, [40].

The plot of In (CR /T) against 1/T yield a linear

relationship, where (TAH"/.)was the slope and

R/ + AS’/5) was the intercept, (Fig. 7 and

Table 6). The positive sign of AH* indicated an
endothermic nature of inhibitor adsorption on X65-
steel, AH* was found to be increased with the
hydrophobic chain length of Gl-surfactants declaring
more difficult dissolution of X65-steel compared to
the blank aqueous HCI [41].

Moreover, the negative sign of AS™ in the treated
and untreated solutions indicated that decrease in
disordering takes place ongoing from reactants to
products activated complex [42]. This revealed that the
randomness decreased as a result of adsorption of Gl-
surfactants on X65-steel surface. This performance
can be clarified as a result of shifting water molecules
and chloride ions away from X65-steel surface
accompanied by the adsorption of Gl-surfactants.
These outcomes were well evidenced quantitatively by
the ongoing EDX given below (Section 3.8) and also
consistent to those revealed earlier [43, 44].
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Table (4): Corrosion parameters obtained from weight loss measurements of X65-steel after 6h immersions in different concentration of HCI
solution with and without addition of 1x10- M concentration of the prepared Gl-surfactants

Inh. C (M) Conc. Of HCI
2M 3M aM 5M
CR o IE CR o IE CR o IE CR o IE
(g cm? (%) (g cm? (%) (g cm? (%) (g cm? (%)
ht) h™) h) h™)
GI-6 Blank  0.0154 - - 0.0168 - - 0.0168 - - 0.0180 - -
1x10®  0.0007 0.9507 9507  0.0008  0.9496 9496 0.00104 0.9382 93.82  0.0013 09234 92.34
GI-12 Blank  0.0154 - - 0.0168 - - 0.0168 - - 0.0180 - -
1x10®  0.0006 0.9608 96.08  0.0007  0.9547 9547 0.00086 0.9492 9492  0.0010  0.9398  93.98
GI-14 Blank  0.0154 - - 0.0168 - - 0.0168 - - 0.0180 - -
1x103  0.0004 0.9691 9691  0.0006 0958 9585 0.00083 0.9503 95.03  0.0009  0.9479  94.79
Fig 7: Transition state relation of In (CR/T) against 1/T, for X65-
s steel in (1.00) M HCI devoid of and containing 1x10~* M of GI-
) surfactants.
P
~ 3.6. Electrochemical impedance spectroscopic study
= 5.6 -
ﬁlg —=— Blank (EIS)
o 64 | —e—GIl-6 .
) — GLI12 In the absence and presence of various
s ——Gl-14 concentrations of the prepared Gl-surfactants (GI-6,
\ GI-12, and GI-14) after 30 min. immersion at room
temperature, the corrosion performance of X65-steel
B T T YT N T I R in 1 M HCI solution could be obtained with the aid of
e L non-destructive EIS technique. EIS spectra appeared

Fig 6: Arrhenius plots, variation of In CR against 1/T, for X65-
steel in (1.00) M HCI devoid of and containing 1x10°° M of GI-
surfactants.

Table (6): Activation thermodynamic parameters for X65-steel
corrosion in 1 M HCI in the absence and presence of 1x10-*M of the
prepared Gl-surfactants.

. - AH" (KJ AS" (k3 mol™’
Solution Ea (kJ mol™) mol!) K
Blank 12.0777 9.48018 -253.793
Gl-6 21.667 19.069 -246.955
GI-12 28.565 25.967 -226.714
Gl-14 28.49 25.892 -228.644
-10
\-
‘;-n F
o —=— Blank
g a2 F ——Gl-6
2 ——GI-12
Sasf ——Gl-14
oy \
= 3.:)4 3.;”& J.III J.‘lh 3.’20 3.‘14 JA‘ZH J.;Z J.;(v
/T x107 (K™
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as Nyquist and bode plots as in Fig. 8 and Fig. 9
respectively. Inspection of Fig. 8 and Fig. 9, the
following discussion can be obtained:

I. In high frequency (HF) region, a single
capacitive loop could be obtained from the
Nyquist plots with one time constant as in bode-
phase plot, which indicated that a charge transfer
process controlled the X65-steel redox reaction
[45].

Il. Also, at the center of abscissa, a depressed

semicircle appeared from The Nyquist plots.
Besides, in bode-phase angle plot at the
intermediate frequency region, the line slopes
and the phase angle values were deviated from -
1 and -90° respectively see Table 7. All of those
were returned to the frequency dispersal,
inhomogeneities, and scabrous of the metal
surface [46].
The shape of semicircle loops in Nyquist plots
free and with dissimilar concentrations of Gl-
surfactants were the same without significant
change, indicated that the corrosion mechanism
did not change even after adding the prepared
surfactants. Just the diameter of semicircle loops
increased with the addition of Gl-surfactants
even at low concentration (1x105 M) due to their
effective adsorption [47].
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Table (7): Slope and phase angle degree values obtained from EIS measurements for X65-steel in 1 M HCI solution in the absence and presence
of different concentrations of the prepared Gl-surfactants at 298 +1K.

Inh. Conc. (M) -Slope -Phase angle’
Blank 0.4779 51
1x10° 0.6167 53
© 5x10® 0.6994 60
o 1x10* 0.7060 61.3
5x10* 0.7499 64
1x10°% 0.7547 65
1x10° 0.6220 55
N 5x10® 0.6995 62
= 1x10% 0.73 64
© 5x10° 0.7497 67
1x10° 0.7718 69
1x10° 0.6185 60
< 5x10° 0.7356 63
< 1x10% 0.7530 67
© 5x10" 0.8015 69
1x1073 0.8074 70
:::: —=— Blank (1 M Hel ) 700 | —m— Blank (1 M HCl ),
* 170 GI-6 o—1910° GI-12
400 A 5" GI-6 so0 | —a— 510 GI-12
50 v 1*10: (?1—6 v =t GI-12
+ 5" GI-6 +— 510" GI-12
B 4w GI-6 u g —— 110" GL-12
G s - T ) 3 am | - 1.26 He
¥ 200 . t'-:" e
150 e o ‘
100 E10 R 4; 4 e e . e 200 10 kit s e 4 “:7* S 05 e
.0 ] '“% \ K 100 | “AM vv 0.\ \\
0 50 w0 150 20: Q:?:. 300 350 450 500 "E “'m 5["D u'm 1"“’
" z, nurﬁ
so0 b = Blank (1 M HCI)|
3 & 1” GI-14
700 | —a—sr® GI-14
E v 17t GI-14
so0 | =" GI-14
E <10t GI-14
“E S0 | 99811
CE_ o b 315 Hz o e
ST TN Y
z_,Lx.om

Fig. 8: Nyquist plots of X65-steel in 1.00 M HCI in the absence and presence of different concentrations of the
prepared Gl-surfactants (GI-6, GI-12, GI-14) at 298 +1K.
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Fig. 9: Bode and phase degree diagrams for X65-steel in 1.00 M HCI in the absence and presence of different
concentrations of the prepared Gl-surfactants (GI-6, GI-12, GI-14) at 298 +1K.

Fig. 10 inset represented the best equivalent circuit
suggested to fit the EIS experimental data. It consisted
of (Ry), solution resistance in series with (R.), charge
transfer resistance which is parallel with (CPE),
constant phase element. To obtain more fitted
simulated data, CPE which had frequency dispersion
could be replaced by the ideal (Ca), double-layer
capacitance [48]. The fitted EIS electrochemical data
were recorded in Table 8. The impedance of CPE was
pronounced by the next equation [18]:

Zcpg = Q_1 (i Wmax )™ (13)

where Q was the constant phase element constant,
Wmax Was the angular frequency, w = 2nfmax, (Where
fmax Was the frequency at the highest imaginary
element of the impedance), i was the imaginary
quantity and n was a phase shift. Also, (Cq;) values
could be determined according to the following
equation and also tabulated in Table 8 [49]:

Ca = 1/(21TRctFimg—>Max ) (14)
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Fig. 10: Comparative the Nyquist plots for X65-steel in 1.00 M
HCl in the absence and presence of 1x10°® M concentrations of Gl-
surfactants (GI-6, GI-12, GI-14) at 298 +1K. The equivalent circuit

is inset.
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Table (8): EIS parameters for X65-steel in 1 M HCI solution in the absence and presence of different concentrations of the prepared Gl-

surfactants at 298 +1K.

Inh. Conc.(M) Rs (ohm/cm™) Ret (ohm/cm™?) n Ca (Fcm?) x10° IE %
Blank 1.549 30.31 0.803 4.177
1x10° 0.732 59.50 0.881 3.081 49.05
© 5x10 1.965 112.45 0.885 2.161 73.04
© 1x10* 1.801 224.16 0.875 0.465 86.47
5x104 0.919 329.33 0.892 0.180 90.79
1x10°3 1.715 420.81 0.901 0.106 92.79
1x10° 0.280 69.76 0.859 4177 56.54
5x10°° 2.059 195.16 0.869 1.982 84.46
% 1x10* 0.617 317.54 0.878 0.939 90.45
5x10 1271 490.88 0.892 0.247 93.82
1x103 1.201 654.58 0.910 0.091 95.36
1x10° 0.392 77.30 0.882 4.177 60.80
5x10° 0.397 207.5 0.879 1.349 85.39
g 1x104 0.905 349.57 0.881 0.666 91.33
5x10 1.618 536.66 0.891 0.169 94.35
1x10°3 1.29 763.88 0.899 0.062 96.03
After analysis of the tabulated results, the or /and increase the electrical double layer

following outcomes were drawn:

R values increased with the addition of Gl-
surfactants even in small concentrations.
Furthermore, R values related to alkyl chain
length. The R values have remarkably been
improved due to the development of insulating
protecting layer from surfactant molecules at the
metal/electrolyte interface that reserved the X65-
steel surface away from the aggressive action of
the test solution [50].

At 1x10° M, the R, of inhibitor GI-14 (763.88
Q cm?) was more than those for GI-12 (654.58 Q
cm?) or GI-6 (420.81 Q cm?). So, the inhibition
capability of surfactant GI-14 in 1 M HCI was
higher than other counterpart surfactants, and
this was obtained in Fig. 10.

Cq Vvalues dropped in the presence of the Gl-
surfactants due to replacement of water molecule
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thickness (T) on metal surface according to
following Helmholtz model [50, 51]:

Cdl = (EOE /T) A (15)

where A was the surface area of the electrode

used, €° and ¢ were the permittivity of air and the
local dielectric constant, respectively.
IV. The C4 values are related to the subjected

working electrode surface area. With the GI-
surfactants’ addition, the surface became almost
covered with adsorbed Gl-surfactants molecules
and free to a slight extent from the corrosion
products. This adsorption phenomenon led to
increase of the smoothness of X65-steel surface.
The inhibition efficiency values increased by
increasing Gl-surfactants concentration and
alkyl chain length touched the highest at
optimum concentration (1x10- M) for all used
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Gl-surfactants; where it was 92.79, 95.36, and
96.03% for GI-6, GI-12, and GI-14, respectively.
Finally, the decrease in Cg value was more
pronounced at 1x10° M. Scientifically, the double
layer between the charged metal surface and the
solution is considered as an electrical capacitor. The
adsorption of Gl-surfactants molecules on the surface
of X65-steel can influence its electrical capacity. This
can be explained by the water molecules replacement
with Gl-surfactants molecules. Water molecules have
dielectric constant higher than passive film formed on
the metal surface. In fact, a decrease in Cy in the
presence of Gl-surfactants proves the protective layer
formation on the metal surface [52].The parameter n is
another useful data showing surface roughness/
heterogeneity. Both metal surface degradation in HCI
solution and the Gl-surfactants molecules adsorption
on the X65-steel surface can be studied by
characterizing this parameter [53]. According to Table
8, the lowest value of n was observed for the sample
immersed in 1 M HCI solution with 1x10° M. It is
clear from Table 8 that addition of Gl-surfactants up
to 1x10° M caused a decrease in n value. It has been
found that inhibitors could reduce surface damage and
roughness of metals in acidic solution resulting in an
increase in n value. Therefore, the decrease observed
for n value in this study cannot be attributed to a
decrease in metal surface damage. This may be
attributed to the surface inhomogeneity arising from
non-uniform film formation on the metal surface. The
random adsorption of Gl-surfactants molecules on the
metals surface (both vertical and parallel to the metal
surface) may be responsible for a decrease in surface
homogeneity. The inhomogeneity increased at higher
Gl-surfactants concentration [54].

3.7. Potentiodynamic polarization measurements
(PDP)

PDP curves of X65-steel immersed in 1M
hydrochloric acid solution free and even after adding
dissimilar concentrations of the synthesized GlI-
surfactants at 298 +1K have been shown in Fig. 11.
The corresponding electrochemical indices, such as
corrosion potential (E.,.), Specific corrosion current
density (iorr), Cathodic and anodic Tafel slopes (8. ,
Ba), polarization resistance ( R,) and the percent of
inhibition efficiency (IE %) were computed and
presented in Table 9. Moreover, R, values were
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calculated from the following Stern-Geary Equation
and its values were tabulated in Table 9 [55]:

Ry = BaPc/2.303 icorr (Ba + Bc) (16)

Close inspection of the curves of Fig. 11 and the
kinetic parameters reported in Table 9 were shown and
discussed as follow:

I. Tafel lines were shifted in more noble direction
compared to the blank one. This inferred that the
hydrogen evolution and dissolution reactions of
X65-steel have been inhibited.

Il. There is no remarkable shift in E.,.. as a result
of adding Gl-surfactants. Based on these results,
the prepared inhibitors act as mixed-type [56].
Thus, the adsorption process on the steel surface
could take place by blocking both anodic and
cathodic sites of X65-steel corrosion [57].

I1l. The i, Vvalues depend on the inhibitors
molecular weight and its concentration [58]. The
icorr Values decreased by increasing both of the
surfactant’s concentration and the sum of carbon
atoms in the hydrophobic chain of Gl-
surfactants. The lowering in the value of i.y.
was an indication of increasing the inhibition
effect of the prepared Gl-surfactants. Also, R,
values were inversely proportional to i.q.
values. So, an increasing in R, values could be
obtained by increasing the concentration of the
added surfactants due to the film adsorbed on
X65-steel surface which increased the corrosion
resistance reaction.

IV. According to Fig. 11, cathodic Tafel lines were
quite parallel which designated that, the
hydrogen reduction process was activated and
controlled [59].

V. From the anodic Tafel lines obtained in Fig. 11,
the phenomena of desorption were prominent at
elevated anodic potential above -0.220 mV Vs
Eocp, in which the adsorption rate of GlI-
surfactants was lower than their desorption rate.
Unlike Gl-surfactants molecules at low anodic
potential less than -0.220 mV Vs Eq, favor
adsorption than desorption as a result of its
dependence on its concentration hence forming
permanent protective layer over X65-steel
surface [60].
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Fig 11: Cathodic and Anodic polarization curves for X65-steel in 1.00 M HCI obtained at 298 +1K in the absence and presence of different
concentrations of the prepared Gl-surfactants (G1-6, GI-12, GI-14).

VI. Increasing the values of IE % by increasing the
concentration of Gl-surfactants indicated that,
the adsorption of the prepared surfactants on
X65-steel surface reduced the area exposed to
HCI and hence, decreased the X65-steel
corrosion reaction. This reflected the inhibitory
action of the used Gl-surfactants towards the
X65-steel corrosion in 1M HCI.

VII. At optimum concentration (1x10° M), IE %
increased in the order: GI-14 > GI-12 > GI-6,
which was the same order previously reported
using the EIS and weight loss technique at 298
K. This could be attributed to the presence of
number of electrons donating centers in tested
corrosion inhibitor (N) and w-bond. In addition,
the carbon chains of the surfactant inhibitor
molecules  enhance  stronger  protective
adsorption film, preventing the aggressive
chloride ions to interact with steel surface.

Table 10, showed the superiority of our prepared

compound (GI-14) compared to the published work
Table (9): polarization parameters for X65-steel in 1 M HCI solution
in the absence and presence of different concentrations of the
prepared Gl-surfactants at 298 +1K.

3.8. Morphology studies

The morphological changes occurred on X65-steel
surface treated and untreated with (1x10° M) in 1M
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under the same conditions[61-65]. The obtained
results were in a good agreement with the EIS
measurements. Take into consideration, Rp Vvalues
were almost closed to those of the R.. From the
aforementioned results we noted that, the
investigational data were reliable and matched with
each other.

Table (10): Comparison between the corrosion inhibition efficiency

of the prepared (GI-14) surfactant and some other reported inhibitor
for Fe-alloys in acidic media.

Inh. medium  Conc. 1E% method Ref.
- -3 this
Gl-14 1x10 96 PDP study
(SCGS) 1x10°  95.57 PDP [61]
Gemini 3
surfactant 1x10°  96.13 PDP [62]
Cationic
Surfactant 1M HCI 5x10°  93.8 PDP [63]
(L)
Gemini
surfactant 1x10°  92.96 PDP [64]
(1
IL6 5x107 93 PDP [65]

HCl of GI-14 surfactant after 6h immersion was
studied by SEM (Fig. 12a and b). The elemental
analysis studies of X65-steel outer layer were done
using EDX (Fig. 13 a and b). The X65-steel surface in
contact directly with blank HCI appeared rougher and
strongly damage due to metal dissolution (Fig. 12a).
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Inh Conc. -Ecorr, (V) icorr Pa -fe CR Re IE %
' (M) Ag/AgCl  (Alcm?) x10*  (V/dec) (V/dec)  (mmlyear) Q)

Blank 0.439 8005 0.1112 0.1860 9.301 37.76

1x10° 0.462 4013 0.1271 0.1705 4.662 78.85  49.87

@ 5x10° 0.492 1956 0.1852 0.1742 2.005 225.86 75.56

) 1x10* 0.500 1543 0.1889 0.1419 1.677 243.81 80.71

5x10* 0.503 1000 0.1870 0.1451 1.510 360.41 87.51

1x10° 0.511 0.590 0.1871 0.1424 1.243 458.69 92.63

1x10° 0.485 3174 0.1113 0.1570 3.688 89.12 60.34

o~ 5x10° 0.501 1372 0.1208 0.1747 1.595 225.98 82.85

- 1x10* 0.502 1012 0.1928 0.1267 1.177 32797 87.35

© 5x10* 0.495 0.570 0.0957 0.0800 0.552 499.6  92.88

1x10° 0.502 0.390 0.1647 0.1436 0.440 701.1  95.13

1x10° 0.476 2881 0.1137 0.1864 3.348 106.49 64.00

< 5x10° 0.488 1267 0.1402 0.1806 1.472 270.53 84.16

o 1x10* 0.487 0.799 0.1493 0.1319 0.929 380.44 90.00

o 5x10* 0.498 0.510 0.1661 0.139 0.677 565.29 93.62

1x10° 0.496 0.310 0.1594 0.1295 0.462 780.83 96.12

However, adding GI-14 impeded the corrosion of
X65-steel, giving a smoother surface (Fig. 12b). This
ensured the formation of a protective passive film
layer of GI-14 molecules over X65-steel surface [66].
Furthermore, the elemental analysis spectra using
EDX showed the chemical composition of the external
layer of X65-steel surface subjected to HCI and after
using (1x10 M) GI-14 surfactant as exist in Fig. 13 a
and b. EDX spectrum of blank (untreated) X65-steel
sheet characterized by the high-intensity peaks of
chloride and oxygen. This confirmed the formation of
corrosion products (iron chloride, oxide, and
hydroxides) over the X65-steel surface due to the

highly offensive action of HCI. On the other hand, the
disappearance of chloride peak and low oxygen
intensity one indicated the lowering corrosion rate of
X65-steel. Furthermore, the appearance of N-peak and
enhancing the intensity peaks of Carbone and iron in
compared with EDX spectra of blank X65-steel
supported the suggested postulation of adsorbed layer
formation from Gl-surfactants compounds over the
X65-steel surface. These observations were matched
with the previously published paper [67]. These results
were in good agreement with WL, PDP, and EIS
measurements revealed above.

Fig. 12: SEM for the X65-steel surface: (A) sample immersed in (1.00) M HCI, (B) sample immersed in (1.00) M
HCI treated with (1x107%) of GI-14 surfactant.
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Fig. 13: EDX for the X65-steel surface: (A) sample immersed in (1.00) M HCI acid solution without GI-14
surfactant, (B) sample immersed in (1.00) M HCI acid solution with (1x10%) of GI-14 surfactant.

3.9. Computational indices

Computational studies were considered as an
important way to show the chemical reactivity of the
prepared Gl-surfactants and to pronounce their
corrosion inhibition reaction mechanism established
based on the donor-acceptor interaction concept [68].
Based on DFT theory, the relation between the
inhibition efficiency of the organic molecules and their
molecular/electronic structure could be deliberated.
Based on frontier molecular orbital theory (FMOT),
the electron density was distributed over the optimized
structures in gas and solvent phases as HOMO,
LUMO, electron density, and molecular electrostatic
potential (MEP) mapping which were obtained in Fig.
14 and Fig. 15. The prepared Gl-surfactants had a
polar head including lone pair of electrons in
heteroatoms (N) and delocalization of m-electrons in
the benzylidene rings and imine group in which the
electron density focused on them, demonstrating that
these locations were the adsorption active sites, which
increased the polarity of the molecule, increasing the
adsorption possibility and averting surface interactions
with the corrosive media. According to the molecular
electrostatic potential (MEP) mapping of the insight
compounds, as illustrated in Fig. 14 and Fig. 15, the
red region (N atoms and m-electrons phenyl) is
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considered the nucleophilic center for adsorption,
improving the opportunity of the adsorption
procedure, establishing a shielding layer on the metal
surface, hence increasing the inhibition efficiency.
Also, the electron density distributed over the whole
molecule increased the adsorption intensity of
molecule over X65-steel surface which caused the
aggressive chloride anions away from the surface. The
hydrophobic carbon chain supported the adherence of
adsorbed molecules.

The corresponding numerical values of quantum
chemical parameters of the prepared Gl-surfactants
(Gl-6, GI-12, and GI-14) in the gas and solvent phases
containing the energies of HOMO (ev), LUMO (ev),
the energy gap (AE), electron affinity (A), ionization
potential (I), global hardness () and electronegativity
(x) were calculated as per the following equations
along with their corresponding quantum chemical
parameters, (Table 11) [69] :

I = —Eyomo (17)

A= —ELymo (18)
AEgy

n=— (19)

¥ = —(Euomo+ELumMo) (20)

2
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Enomo and Epymo Were responsible for the
electron shearing between Gl-surfactants and X65-
steel 3d orbitals [70]. From Table 11 the values of
Eiumo and Epomo decreased and increased
respectively by increasing the alkyl chain length in the
investigated Gl-surfactants. From the data obtained in
Table 11 in the gas phase, GI-14 had a higher Eyomo
value (-7.081eV) and lower Ejymo value (-1.16 eV)
than those of GI-12 and GI-6. So, it could be said that
the GI-14 surfactant can easily give electrons to an
unoccupied molecular orbital. This substantially
enhanced its adsorption effect more than GI-12 and
GI-6 [71]. On the other hand, the energy gap values
AEg,, can control the chemical reactivity [25]. From

this point, the lower AE,, values, the higher chemical
reactivity which gave good inhibition properties
owing to the small excitation energy required for an
electron to be promoted. Therefore, GI-14 surfactant
gave a more stable adsorption form with the X65-steel
than GI-12 and GI-6. On the other hand, according to
the Lewis acid/base theory, soft molecules were
generally more active compared to hard ones. The
lower the AE value, the softer the molecule will be and
vice versa is right [68]. Table 11 showed that GI-14
had the lowest hardness value. lonization potential was
another parameter that expressed the chemical
reactivity of the molecules. Smaller values of
ionization energy indicated higher reactivity of the

Surfactant HOMO

LUMO

atoms and molecules, in contrast to large values that
showed high stability of the molecules [72]. From
Table 11, the low ionization energy value indicated the
high inhibition efficiency of GI-14. An additional
significant quantum parameter that was used to affirm
the relationship between the efficiency of the prepared
Gl-surfactants and its electron-donating capability
to/or from the X65-steel was the number of electron
transfers (AN). AN could be intended according to the
following equation [73]:

AN = (XFe—Xinh.) (21)

"~ 2(Fe+ Minn)

where, yinn. and xg. represented the absolute
electronegativity of surfactant molecule and steel (7
eV/mol), respectively, n;,n. and ng, represented the
absolute hardness of surfactant molecule and steel (0
eV/mol), respectively [73]. The tendency of providing
electrons to the steel surface increased by increasing
AN values when the value of calculated AN were less
than 3.6 [74]. From Table 11, the values of AN for the
Gl-surfactants progressed in the order: GI-14> G1-12>
GI-6 in the gas and solvent phase. Therefore, the GlI-
14 compound had the maximum ability to supply
electrons to the X65-steel surface. The inhibition
efficiency values obtained from the experimental
techniques used and Enomo values of the prepared Gl-
surfactants were in agreement.
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Fig 14: The (HOMO), (LUMO) total occupation, total electron density, and molecular electrostatic potential (MEP) mapping distribution for
the investigated Gl-surfactants GI-6, GI-12, and GI-14 in the gas phase.

Surfactant HOMO LUMO

GI-6

electron density

(MEP)

Fig 15: The (HOMO), (LUMO) total occupation, total electron density, and molecular electrostatic potential (MEP) mapping distribution for
the investigated Gl-surfactants GI-6, GI-12, and GI-14 in solvent phase.

Table (11): Quantum chemical calculated parameters of the investigated Gl-surfactants.

EHomo ELumo AE A | X 1]

Phase —Inh (ev) @) @) @) ) ) v
Gl-6 -7.101 -1.133 5.968 1.133 7.101 4.117 2.984 0.4831

Gas Gl-12 -7.092 -1.135 5.957 1.135 7.092 4.114 2.979 0.4846
Gl-14 -7.081 -1.16 5.921 1.16 7.081 4.121 2.961 0.4863

Gl-6 -9.954 -0.741 9.213 0.741 9.954 5.348 4.607 0.1794

Solvent Gl-12 -9.952 -0.741 9.211 0.741 9.952 5.347 4.606 0.1795
Gl-14 -9.951 -0.742 9.209 0.742 9.951 5.347 4.605 0.1796

3.10. Monte Carlo simulation (MCs)

MCs method was considered a very helpful tool
that expected the performance and the interaction
between the adsorbed Gl-surfactants over the metallic
surface; Fe surface to maximize the benefits output
from the DFT data. The MCs for the prepared Gl-
surfactants (GI-6, GI-12, and GI-14) in the gas phase
and solvent simulated with 200 H,O were geometry-
optimized to simulate the real corrosive medium
which had been executed using adsorption locator
module. Side and top views (Snapshots) for the
optimized Gl-surfactants in gas and solvent phases
over Fe (1 1 0) cleaved surface were presented in Fig.
16, and 17 respectively. It was obvious that Side views
snapshots of the optimized structure appeared with a
parallel orientation of the prepared Gl-surfactants on
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the Fe (1 1 0) surface. This, in turn, led to their strong
interaction possibility with Fe (1 1 0) surface [75]. On
the other hand, top views shapshots of the optimized
structure appeared the prepared surfactant molecules
covered a high surface area of the steel surface.

The outputs of the simulation method were
recorded in Table 12. The negative values of Eags in
gas and solvated phases designate the spontaneous
adsorption process of the tested compound and their
absolute values indicated the higher and strong
adsorption affinity of the prepared Gl-surfactants on
the metal surface. All the numerical values obtained in
the gas and solvent phases, Table 12, indicated that the
adoption energy in the case of the solvent phase was
higher than their counterparts in the gaseous phase
which was associated with intermolecular H-B
interactions between Gl-surfactants and water
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molecules that enhanced their adsorption on the steel order of adsorption ability of the tested compounds GI-
surface and this matched with the previous published 6 < GI-12 < GI-14 and this matched with experimental
paper [76]. Adsorption energy values indicated the data obtained.

Table (12): The outputs energies were calculated by Monte Carlo simulation for the investigated Gl-surfactants in gas and simulated acid
solution phases on Fe (1 1 0).

Surfactant Er (KJ/mol) Eags (KJ/mol) Erig.ads (KJ/mol) Eder. (KI/mol)
Gl-6 gas -424.96 -395.28 -303.26 -92.02
200 H.0 -3439.14 -4501.40 -3311.21 -1190.19
GI-12 gas -541.24 -545.37 -514.77 -30.60
) 200 H,O -3479.86 -4594.52 -3314.46 -1180.05
Gl-14 gas -630.41 -553.126 -462.80 -90.32
) 200 H,O -3587.45 -4679.78 -3568.37 -1111.41
) (B)
Surfactarnt Side view ___ § , Ij op vview 3 ;
GI-6
GI-12
GI-14 s tete i

Po Po 0. . .
IR B S ey

-
CF T

Fig. 16: Side and top views of the adsorption mode f the investigated Gl-surfactants GI-6, GI-12 and GI-14 in gas phase on Fe (1 1 0)

substrate.
1) (B)
Surfactant Side view
GI-6
GI-12
GI-14

LLLL

B R A I

Fig. 17: Side and top views of the adsorption mode of the investigated Gl-surfactants Gl
6, GI-12, and GI-14 in solvent phase on Fe (1 1 0) substrate.
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3.11. Mechanism of inhibition

Usually, the adsorption of organic inhibitors on the
metal surface is influenced by the presence of donor
atoms, the molecular structure, the type of the
aggressive solution, the nature, and the charge present
on the metal surface. All the investigated compounds
in this study have quaternary nitrogen N*, counter ion
(Br?), imine (-C=N-) functional group(s), and 7 -
electrons in the aromatic rings. These groups were
considered as the active center for the adsorption
process which was affected by the type of interaction
between the metal surface and inhibitor molecules.
According to section (3.6), the inhibition process
occurred by blocking mechanism on cathodic and
anodic areas of the metal surface (inhibit both anodic
and cathodic reactions) [77]. In this case, the
quaternary nitrogen atom (N*) is adsorbed at the
cathodic site to reduce hydrogen evolution. At the
anodic site, the counter ion (Br), m-electrons of the
aromatic ring, and the lone pair electrons of the imine
group (—-C=N-) are adsorbed to decrease the anodic
dissolution of the X65-steel. More precisely, the
interaction between inhibitor (GI-14) as a
representative compound and the X65-steel surface
was suggested in Fig. 18. There are two uppermost
adsorption methods between the GI-14 surfactant
molecule and the X65-steel surface: first, electrostatic
interaction via the quaternary (N*) and counter ion (Br-
) on surfactant molecule with the negatively CI ions
(produced from medium) and Fe* ions, respectively.
This kind of interaction between them represented
physical  adsorption.  Second, the chemical
coordination type involved the sharing of electrons
between lone pairs on nitrogen and unoccupied d-
orbitals on ionized iron atom and hence represented
chemical adsorption. Along with this the interaction
between delocalized electrons on surfactant aromatic
ring and ionized iron represented retro-donation.
Finally, the presence of a large alkyl chain length in
surfactant (GI-14) compared to other surfactants (Gl-
12 and GI-6) made the head groups more directed to
the metal surface and so possess more inhibition
ability. The above discussion was also in agreement
with experimental AG s values i.e., mixed type of
adsorption.

on-donation

= dto qtp, clectron-donation } Chemisorption
v 7t to d-clectron retro-donation

Fig. 18: Suggested adsorption model of the as-prepared Gl-14
surfactant over the X-65 steel.
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4. Conclusion
Based on the results of the investigation, the
following conclusions were drawn:

1. Gl-surfactants used here were found good
inhibitors for X65-steel corrosionin 1 M HCI
with relatively high efficiencies.

2. The IE% increased by increasing the inhibitor
concentration but decreased by increasing the
temperature. The IE% increase in the order:
Gl-14 > GI-12 > GI-6.

3. The prepared Gl-surfactants exhibited good
surface active properties.

4. The experimental measurements using the
WL method ensured the adsorption of Gl-
surfactants on the iron surface which obeyed
the Langmuir isotherm. The Kags follow the
order: GI-14 > GI-12 > GI-6.

5. Polarization results showed that the three Gl-
surfactants acted as mixed-type inhibitors.

6. EIS spectra exhibited one capacitive loop
i.e., corrosion of X65-steel was controlled by
charge transfer in which, the presence of GlI-
surfactants in 1 M HCI solution increased R
while reduced Caq.

7. Monte Carlo simulation results indicated that
the prepared Gl-surfactants highly bind on
the X65-steel surface utilizing the lone pair of
electrons on the heteroatoms as well as the n-
electrons in the benzylidene rings.

8. These outcomes are well evidenced
quantitatively by EDX measurements.

9. Experimental and theoretical analysis data
suggest the validity of these compounds to be
among of the more applicable compounds in
corrosion mitigation filed such as, acidizing,
acid cleaning jobs.
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