
coatings

Article

Impact of Degree of Hydrophilicity of Pyridinium
Bromide Derivatives on HCl Pickling of X-60 Mild
Steel: Experimental and Theoretical Evaluations

Nurudeen A. Odewunmi 1 , Mohammad A. Jafar Mazumder 1,* , Shaikh A. Ali 1,*,
Norah A. Aljeaban 2, Bader G. Alharbi 2, Abdulaziz A. Al-Saadi 1 and Ime B. Obot 3

1 Chemistry Department, King Fahd University of Petroleum and Minerals, Dhahran 31261, Saudi Arabia;
nurudeen.odewunmi@kfupm.edu.sa (N.A.O.); asaadi@kfupm.edu.sa (A.A.A.-S.)

2 EXPEC ARC, Saudi Aramco, Dhahran 31311, Saudi Arabia; norah.aljeaban@aramco.com (N.A.A.);
bader.alharbi.1@aramco.com (B.G.A.)

3 Center of Research Excellence in Corrosion, Research Institute, King Fahd University of Petroleum and
Minerals, Dhahran 31261, Saudi Arabia; obot@kfupm.edu.sa

* Correspondence: jafar@kfupm.edu.sa (M.A.J.M.); shaikh@kfupm.edu.sa (S.A.A.);
Tel.: +966-13-8607836 (M.A.J.M.); +966-13-8607830 (S.A.A.)

Received: 27 December 2019; Accepted: 12 February 2020; Published: 19 February 2020
����������
�������

Abstract: Dodecyl pyridinium bromide (DDPB), tetradecyl pyridinium bromide (TDPB) and dodecyl
1,1′-bispyridinium dibromide (DDBPB) were successfully synthesized, characterized and evaluated for
HCl pickling of X-60 low carbon steel. Order of corrosion inhibitions efficiencies, as revealed by both
electrochemical and gravimetric studies, is TDPB > DDPB > DDBPB. The degree of hydrophilicity of
inhibitors as predicted by a partition coefficient (Log P) and supported by a contact angle measurement
was found to be responsible for their order of corrosion inhibition efficiencies. Adsorption of DDPB,
TDPB, and DDBPB through the pyridinium nitrogen on mild steel surface was confirmed by ATR-FTIR
and SEM-EDX analyses. The pyridinium nitrogen was found not to be the only factor responsible for
their efficiency, but hydrophobes and the orientation of the hydrophilic ring were responsible, which
incline to the deviation of experimental results and the order of Monte Carlo simulation adsorption
energies. DDPB, TDPB, and DDBPB obey the Langmuir isotherm model despite major contributions
of the film formed on the surface of X-60 mild steel on their overall inhibition corrosion resistance.

Keywords: pyridinium bromide derivatives; corrosion inhibitor; potentiodynamic polarization;
electrochemical impedance; protective films; partition Coefficient; Monte Carlo simulation;
acid pickling

1. Introduction

Effective elongation, high yield and tensile strength properties of X-60 low carbon steel (X-60 mild
steel) as one of the API 5L grade X mild steel have made it a suitable metallic material in various offshore
and onshore applications. These attractive mechanical properties, as well as its low cost compared to
other alternative materials, have been a major consideration for its enormous applications despite poor
resistance to corrosion in different environments [1–5]. Acid pickling is one of the important industrial
processes where various acids are utilized for surface cleaning of metals. However, hydrochloric
acid (HCl) pickling is preferred to other inorganic acids (hydrofluoric, sulfuric, phosphoric and nitric
acids) pickling in steel mills and other steel applications industries due to its high regeneration, less
pickling time, minimal loss of substrates, lower temperature and high-quality finished products [6,7].
To improve the economic importance of mild steel in pickling applications, corrosion inhibitors have
been used to drastically reduce the effect of acid attack on mild steel [8–10].
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Corrosion inhibitions of metals occur by either or both physical and chemical adsorptions of
inhibitors on metal surfaces owing to the presence of heteroatom (sulphur, nitrogen, phosphorus
and oxygen), multiple bonds and aromatic rings along with hydrophilic tails forming a protective
film. Considerations of these features of corrosion inhibitors have led to the evaluations of numerous
biological materials for effective corrosion inhibitors [11–18] due to their non-toxicity and biodegradable
properties. Furthermore, novel ionic liquids [19–21] and some eco-friendly organic compounds
containing different forms of functional groups, heteroaryl, aromatics cycles, saturated and unsaturated
bonds in their molecular structures [22–27] have been reported as effective corrosion inhibitors.

Pyridinium salts are quaternary ammonium compounds that often made up of the hydrophilic
part of a class of cationic surfactants that are mostly used as antibacterial, antimicrobial and biocidal
agents [28–31]. However, it has been reported to be an important reagent for the development of novel
organic compounds in catalysis [32–34], dialysis [35], thermoelectrical [36], drug delivery [37] and
coatings applications [38]. Due to the presence of a hydrophilic center containing a nitrogen atom
incorporated in a benzene ring, the ease of chemical integration of a suitable hydrophobic tail and
halides (Cl− or Br−) to form suitable pyridinium salts, evaluation of its ability to perform as an effective
corrosion inhibitor as halide salts, ionic compounds and synergistically with other compounds have
been demonstrated [39–44].

The objective of this article is to synthesize three pyridinium bromide salts with modified
hydrophobic tails and evaluate the effects of hydrophobic modifications on the corrosion inhibition
efficiency on X-60 mild steel in 1 M HCl using gravimetric and electrochemical measurements. For
this purpose, pyridinium bromide with 12-carbon chain hydrophobes: dodecyl pyridinium bromide
(DDPB), 14-carbon chain hydrophobes: tetradecylpyridinium bromide (TDPB) and 12-carbon chain
hydrophobes with two terminal hydrophilic centers: dodecyl 1,1′-bispyridinium dibromide (DDBPB)
have been synthesized and evaluated as effective mild steel corrosion inhibitors in acidic media. This
investigation would be complemented with surface analysis and Monte Carlo simulation to obtain
strength of interaction of inhibitors with X-60 mild steel.

2. Experimental

2.1. Materials

Unless and otherwise stated, all chemicals and solvents were purchased from Sigma Aldrich.

2.2. Synthesis

2.2.1. Synthesis of DDPB (1)

DDPB (1) was synthesized following the modified published procedure described elsewhere in
the literature [45]; 1-bromododecane (20.1 g, 80.0 mmol) was added to a solution of pyridine (5.4 g,
68.0 mmol) in toluene at room temperature. The reaction mixture was then stirred under N2 at 110 ◦C
for 24 h. After the time elapsed, 50 mL of diethyl ether was added to the dense reaction mixture. The
precipitate was decanted and redissolved in acetonitrile (20 mL). The crude product was then dropwise
added to diethyl ether (100 mL). The precipitate was filtered to obtain the final product 1-N-dodecyl
pyridinium bromide (1) as a white solid (Scheme 1) and dried in a vacuum at 50 ◦C for 6 h. Then, the
product was removed from the vacuum oven and weighed to give a mass of 20.0 g, equivalent to a
92% yield.
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2.2.3. Synthesis of DDBPB (3) 
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was removed from the vacuum oven and weighed to be 8.97 g corresponding to a 76% yield. 

2.3. Characterization of DDPB, TDPB and DDBPB 

DDPB (1), TDPB (2) and DDBPB (3) were characterized by a melting point apparatus, elemental 
analyzer, FTIR, NMR and surface tensiometer. 1H NMR and 13C NMR were performed with a Bruker 
400 MHz instrument (Bruker, Coventry, UK) while the FTIR spectra were obtained with PerkinElmer 
(16F PC FTIR) spectrometer (PerkinElmer, Waltham, MA, USA). Elemental analyses were carried out 
in a Carlo-Erba elemental analyzer (Carlo-Erba, model 1102, Waltham, MA, USA). Melting points 
were recorded in a calibrated Electrothermal-IA9100—Digital Melting Point Apparatus (Mettler 
Toledo, Columbus, OH, USA) using heating rates of 1 °C/min in the vicinity of the melting points. 
The surface tension and critical micelle concentration (CMC) values for the pyridinium bromide 
derivatives DDPB, TDPB and DDBPB were measured in 1 M HCl using a surface tensiometer 
(PHYWE, Gottingen, Germany) by the du Nouy ring method [46]. 
  

Scheme 1. Synthesis route of dodecyl pyridinium bromide (DDPB) (1), tetradecylpyridinium bromide
(TDPB) (2) and dodecyl 1,1′-bispyridinium dibromide (DDBPB) (3) corrosion inhibitors.

2.2.2. Synthesis of TDPB (2)

TDPB (2) was synthesized following the modified procedure described above. Briefly, 1-bromotetradecane
(14.7 g, 53.3 mmol) was added to a solution of pyridine (3.6 g, 44.4 mmol) in toluene. The reaction mixture
was then stirred under N2 at 110 ◦C for 24 h. After the time elapsed, diethyl ether was added to the dense
reaction mixture. The precipitate was decanted and redissolved in acetonitrile (15 mL). The crude product
was then dropwise added to diethyl ether (80 mL). The precipitate was filtered to obtain the final product
1-N-tetradecylpyridinium bromide (2) as a white solid (Scheme 1) and dried in a vacuum at 50 ◦C for 6 h. Then,
the product was removed from the vacuum oven and weighed to be 14.8 g corresponding to a 94% yield.

2.2.3. Synthesis of DDBPB (3)

DDBPB (3) was synthesized following the procedure described above. Briefly, 1,12-dibromododecane
(8.01 g, 24.4 mmol) was added to a solution of pyridine (4.63 g, 58.5 mmol) in toluene at room temperature.
The reaction mixture was then stirred under N2 at 110 ◦C for 24 h. After the time elapsed, the reaction mixture
was cooled to room temperature during which phase separation occurred. The precipitate was redissolved in
acetonitrile (15 mL) and reprecipitated in diethyl ether (80 mL). The precipitate was filtered to obtain the final
product as a white solid, dodecyl 1,1′-bispyridinium dibromide (3) (Scheme 1) and dried in a vacuum at 50 ◦C
for 6 h. Then, the product was removed from the vacuum oven and weighed to be 8.97 g corresponding to a
76% yield.

2.3. Characterization of DDPB, TDPB and DDBPB

DDPB (1), TDPB (2) and DDBPB (3) were characterized by a melting point apparatus, elemental
analyzer, FTIR, NMR and surface tensiometer. 1H NMR and 13C NMR were performed with a Bruker
400 MHz instrument (Bruker, Coventry, UK) while the FTIR spectra were obtained with PerkinElmer
(16F PC FTIR) spectrometer (PerkinElmer, Waltham, MA, USA). Elemental analyses were carried out
in a Carlo-Erba elemental analyzer (Carlo-Erba, model 1102, Waltham, MA, USA). Melting points were
recorded in a calibrated Electrothermal-IA9100—Digital Melting Point Apparatus (Mettler Toledo,
Columbus, OH, USA) using heating rates of 1 ◦C/min in the vicinity of the melting points. The
surface tension and critical micelle concentration (CMC) values for the pyridinium bromide derivatives
DDPB, TDPB and DDBPB were measured in 1 M HCl using a surface tensiometer (PHYWE, Gottingen,
Germany) by the du Nouy ring method [46].
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2.4. Corrosion Studies

2.4.1. Material Preparation

The chemical composition of the low carbon steel (X-60) used for this investigation has been
reported to contain above 96% Fe content [2]. It was cut into coupons of dimension 3 × 3 × 1 cm3

in preparation for gravimetric and electrochemical measurements. Before corrosion studies, silicon
carbide paper of different abrasive grades numbers (#120–#1000) were used successively to grind
the surface of the coupons. After grinding, residues were removed by rinsing with distilled water,
degreased by sonication in ethanol bath for 10 min, rinsed with acetone, dried with warm air and
stored in the desiccator before use. A 1 M HCl corrosive acidic medium was prepared by dilution with
distilled water from 37% purity analytical grade concentrated HCl. Stock solutions of synthesized
DDPB (1), TDPB (2) and DDBPB (3) corrosion inhibitors were prepared in 1 M HCl from which
corresponding volumes of aliquot were used to prepare the desired concentration range that was the
selected base of experimental optimization of 5–50 mg/L by dilution.

2.4.2. Gravimetric Study

Gravimetric measurements were performed using the guidelines obtained from ASTM G 1–03
standard procedures for evaluating, cleaning and preparing mild steel coupons [47]. Coupons were
weighed and completely immersed by suspension with the aid of a thread into a Wheaton glass
bottle containing 1 M HCl solutions in the absence and presence of different concentrations of DDPB,
TDPB and DDBPB. The temperature of the testing solution was maintained at 25 ◦C, 45 ◦C and 60 ◦C
with the aid of a thermostated water bath for 24 h. After the time elapsed, the coupon was removed
and placed in Clarke’s solution for about 120 s to loosen the corrosion products. They were washed
thoroughly with distilled water, rinsed with acetone, dried with a stream of warm air, allowed to cool
and reweighed to determine the weight loss.

2.4.3. Electrochemical Study

Electrochemical studies were undertaken with a three-electrode system in an electrochemical
cell designed for varieties of flat samples at 25 ◦C with an exposed area of 1 cm2. Graphite
rod was used as a counter electrode, saturated calomel electrode (SCE) as a reference electrode
and X-60 mild steel coupon as a working electrode. The electrochemical cell was connected to
Gamry Potentiostat/Galvanostat/ZRA (reference PC14750-37058) incorporated with the Gamry ESA410
framework system. The framework system comprises of EIS300 software used for electrochemical
impedance measurement, and D105corrosion software used for both linear polarization resistance and
potentiodynamic polarization measurements. Gamry Echem Analyst software was utilized for data
fittings of the electrochemical impedance measurements. The frequency range of 100 KHz and 10 mHz
with an amplitude of 10 mV was used in the impedance measurements. Linear polarization resistance
experiments were conducted by polarizing the working electrode with +10 and −10 mV potential
against the corrosion potential (Ecorr) with a scan rate of 0.125 mV/s. Curves of potentiodynamic
polarization experiments were obtained by setting the instrument to apply −250 mV as the cathodic
potential and +250 mV as the anodic potential relative to the corrosion potential (Ecorr) with a scan rate
of 0.5 mV/s. This condition will enable the cathodic and anodic curves to run consecutively. Corrosion
current densities (Icorr) along with other interesting electrochemical parameters were extrapolated from
the linear Tafel region of the anodic and cathodic segments of the curve against the corrosion potential.

2.5. Monte Carlo Simulation and Partition Coefficient (Log P)

Monte Carlo simulation was carried out using the Adsorption Locator module in Material Studio
7.0 software licensed from Accelrys Inc. USA. Low configuration adsorption energy for the interactions
of DDPB, TDPB and DDBPB on Fe (110) surface in the aqueous phase was computed. Universal force
field (UFF) was used to optimize structures of DDPB, TDPB and DDBPB and other components of
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the system. The MC calculation of the simulation of the interaction between the inhibitor molecules
and Fe(110) surface was carried out with a slab thickness of a 5 Å simulation box, which was enlarged
to (10 × 10) a supercell with a vacuum slab of 50 Å to accommodate 30 molecules of water added to
mimic a corrosion environment in reality. Partition coefficient (Log P) properties of DDPB, TDPB and
DDBPB in solution were predicted with ACD/LABS Percepta licensed software.

2.6. Surface Analysis

A contact angle instrument integrated with an Attension Theta Optical Tensiometer (Biolin
Scientific, Espoo, Finland) was utilized to evaluate the hydrophilicity of the protective film formed on
X-60 mild steel by inhibitors. Measurements were carried out at an average of 6 locations with a water
droplet of ~25 µL on the coupon after complete immersion for 24 h in the presence of an optimum
concentration of inhibitors at 25 ◦C. The sessile drop technique was used to calculate the right and left
angle of the droplet.

Adsorption of inhibitors on the substrates was confirmed with Thermo Nicolet 6700 FTIR
spectrometer (Thermo Scientific, Fishers, IN, USA) with Smart Orbit diamond micro-ATR. After
background correction, a total of 16 scans was performed between 500 and 4000 cm−1 for identifications
of functional groups of inhibitors on the mild steel coupons.

Surface morphologies of coupons in the absence and presence of 30 mg/L inhibitors were
evaluated with a scanning electron microscope (SEM Emcrafts Genesis-2120 series, Gyeonggi-do,
Korea), integrated with an energy dispersive x-ray spectrometer (EDX, Oxford Inc., Abingdon, UK).
Before the exposure of coupons to different testing solutions, they were further polished with a cloth
containing 1 µm of diamond paste to obtain a near mirror surface after the regular silicon carbide
paper of different abrasive grade numbers (#120–#1000) grinding. Coupons were retrieved after 24 h,
rinsed with distilled water, dried and SEM analysis was immediately performed.

3. Results and Discussions

3.1. Characterization of Synthesized DDPB, TDPB and DDBPB

1H NMR, 13C NMR and FTIR spectra obtained for DDPB, TDPB and DDBPB are presented as
Figures S1–S3, respectively.

DDPB (1): The onset of thermal decomposition (closed capillary): the color change to brown at 152.4 ◦C,
indicating the melting point of DDPB. Elemental analysis for the molecular formula C17H30NBr
calculated: C, 58.6; H, 9.3; N, 4.0; found: C, 58.9; H, 9.4; N, 3.9. FTIR: νmax (neat): 3402, 3060 (pyridine,
CH stretching), 2918, 2852 (aliphatic, Csp3-H stretching), 1635 (C=N stretching), 1482 (C-H stretching),
1323, 1172 (aromatic C-H bending), 1037, 777, and 679 cm−1. 1H NMR: δH (CDCl3) 0.86 (3H, t), 1.22-1.34
(18H, m), 2.03 (2H, q), 4.98 (2H, q), 8.18 (2H, d), 8.54 (1H, t), 9.49 (2H, t) (TMS: 0.00 ppm). 13C NMR
(CDCl3): 14.0 (1C), 22.5 (1C), 25.9 (1C), 29.2 (7C), 31.8 (1C), 61.9 (1C), 128.4 (2C), 144.9 (1C), 145.2 (2C)
(middle C in CDCl3: 77.00).

TDPB (2): The melting point of TDPB (closed capillary) is indicated by the color change to brown at
159.2 ◦C. C19H34NBr elemental analysis calculated: C, 60.5; H, 9.6; N, 3.9; found: C, 60.6; H, 9.7; N,
3.7. FTIR: νmax (neat): 3390,3060 (pyridine, C-H stretching), 2916, 2851 (aliphatic, Csp3-H stretching),
1634 (C=N stretching), 1482 (C-H stretching), 1368, 1323, 1172 (aromatic C-H bending), 1052, 778, and
679 cm−1. 1H NMR: δH (CDCl3) 0.88 (3H, t), 1.23-1.35 (22H, m), 2.04 (2H, q), 4.99 (2H, q), 8.18 (2H, d),
8.54 (1H, t), 9.49 (2H, t) (TMS: 0.00 ppm). 13C NMR (CDCl3): 14.0 (1C), 22.6 (1C), 25.9 (1C), 29.5 (9C),
31.8 (1C), 62.1 (1C), 128.4 (2C), 144.9 (1C), 145.2 (2C) (middle C in CDCl3: 77.00).

DDBPB (3): The onset of thermal decomposition (closed capillary): the color changed to brown at
167.3 ◦C, indicating the melting point of DDBPB. Elemental analysis of DDBPB (3) with a molecular
formula C22H34N2Br2 calculated: C, 54.33; H, 7.05; N, 5.76; found: C, 54.41; H, 7.15; N, 5.87. FTIR:
νmax (neat): 3361, 3016 (pyridine, CH stretching), 2924, 2847 (aliphatic, Csp3-H stretching), 2359, 1622
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(C=N stretching), 1479 (C-H stretching), 1320, 1203, 1159 (aromatic C-H bending), 1055, 787, 773, and
687 cm−1. 1H NMR: δH (CDCl3) 1.06-1.25 (16H, m), 1.96 (4H, m), 4.94 (4H, t), 8.15 (4H, t), 8.64 (2H, t),
9.56 (4H, t) (TMS: 0.00 ppm). 13C NMR (CDCl3): 25.8 (2C), 29.1(6C), 32.0 (2C), 61.6 (2C), 128.6 (4C),
145.0 (4C), 145.7 (2C) (middle C in CDCl3: 77.00).

3.2. Gravimetric Study

An average value of triplicate measurements of the weight losses was used to compute inhibition
efficiency (Ew) and corrosion rate (CR) using Equations (1) and (2), respectively.

Ew =
∆W

Wblank
× 100 (1)

CR (mm/yr) =
87600× ∆W
ρAT

(2)

where ∆W is the average weight loss (g) between weight loss in the absence of inhibitor (Wblank) and
in the presence of inhibitors, ρ is the density of steel (mainly Fe) taken as 7.86 g/cm3, A is the surface
area of the coupon immersed, which computes as A = 2(lw +lh + wh) for the length (l), width (w) and
height (h) of the coupon, and T is the immersion time (h).

Figure 1a,b show corrosion inhibition efficiency and corrosion rate of different concentrations of
DDPB, TDPB and DDBPB, respectively. The inhibition efficiency was found to increase while corrosion
rates were found to decrease at 25 ◦C as the concentration of inhibitors (DDPB, TDPB and DDBPB)
increases from 5–30 mg/L in a similar pattern but at different rates. This is an indication that DDPB,
TDPB and DDBPB effectively retard dissolution of X-60 mild steel in 1 M HCl solution when compared
with the blank (absence of inhibitor). However, a further increase in concentration to 50 mg/L resulted
in lower efficiency. This behavior can be attributed to the attainment of optimum coverage of all
inhibitors at 30 mg/L and the possibility of additional concentration of inhibitors unadsorbed on the
metal surface tends to interact with the adsorbed inhibitor and thereby causing desorption of the
absorbed molecule with the consequence of reduced inhibition efficiency. A similar kind of behavior
for a particular corrosion inhibitor in different concentrations has been reported in the literature [48].
Surprisingly, TDPB Ew was observed to be about 90.9%, while DDPB and DDBPB achieved 87.1% and
79.4%, respectively, making order of corrosion mitigation effectiveness to be TDPB > DDPB > DDBPB
for the gravimetric study at 25 ◦C.

The surface tension versus inhibitor concentration profile was constructed to find the pyridinium
bromide salt’s CMC, which can be used to compare the adsorption pattern on either side of the CMC.
Considering the molar concentration of corrosion inhibitors (converted to mg/L), the CMC, as well
as surface tension of the pyridinium bromide salts, are found to follow the orders: DDBPB > DDPB
> TDPB (Table S1). In 1 M HCl solution, the bispyridinium derivatives DDBPB, having pyridinium
hydrophilic polar heads, are expected to have greater CMC values for being more soluble in water than
its 12C and 14C hydrophobic pyridinium counterparts. The increase in the hydrophobic alkyl chain
length decreases the solubility of the pyridinium bromide derivatives and, as expected, decreases the
CMC [46]. The CMC values (Figure S4, Table S1) and the surface coverage (θ) data (Figure 1a) suggested
that pyridinium bromide derivatives cover most of the mild steel surface before the concentrations
reach their CMC values. The standard free energy of micelle formation (∆G◦mic) of DDPB, TDPB and
DDBPB can be calculated from Equation (3),

∆G◦mic = RT ln(Ccmc) (3)

where R, T and Ccmc represent the gas constant, temperature and concentration in molL−1 of the
pyridinium bromide salt at the CMC.

It was found that the adsorption on the metal surface is favored over the micellization since the
∆G◦ads values (vide infra) are more negative (Table S2) compared with the corresponding ∆G◦mic
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(Table S1). The monolayer formation at the interface between the metal and solution is complete before
the CMC, after which multilayer coverage due to the adsorption of the micelles may impart further
protection, albeit to a lesser degree [49].
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Figure 1. (a) Inhibition efficiency and (b) corrosion rate variations of X-60 mild steel in absence and
presence of different concentrations of DDPB, TDPB and DDBPB from gravimetric measurement for
24 h immersion time in 1 M HCl solution at 25 ◦C.

The effects of temperature on the optimum concentration (30 mg/L) of inhibitors were investigated
and presented as Figure 2. Figure 2a,b depicts the effect of temperature on inhibition efficiency and
corrosion rate inhibitors from 25 to 60 ◦C, respectively. The efficiency of all inhibitors was observed to
reduce at elevated temperature, indicating that thermal agitation increases the dissolution rate of X-60
mild steel in the corrosive medium. The effect of temperature was found to be relatively severe on
DDBPB due to a large decrease in inhibition efficiency (Figure 2a) and a large increase in corrosion
rate (Figure 2b) as a result of the greater effect of thermal agitation of DDBPB molecule on the mild
steel surface. However, TDPB and DDPB were not affected much by increasing temperature. The
superiority of TDPB was obvious in Figure 2a,b for the inhibition efficiency and corrosion rate variation
comparisons between inhibitors at 25 ◦C, 45 ◦C and 60 ◦C, respectively. TDPB was found to achieve
the highest Ew (Figure 2a) and the lowest corrosion rate (Figure 2b) in all investigated temperatures,
indicating that the order of inhibitors effectiveness (TDPB > DDPB > DDBPB) on X-60 mild steel in 1 M
HCl is the same for 25 ◦C, 45 ◦C and 60 ◦C.
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3.3. Electrochemical Evaluation

3.3.1. Impedance Measurements

All electrochemical measurements were recorded after 1 h immersion time of X-60 mild steel in
the testing solution in the absence and presence of inhibitors to ensure a stable open circuit potential
(OCP), as shown in Figure 3. The direction of potential change about the blank solution is a function of
how the electrical double layer adjusts to accommodate the electrolyte system. It can be observed that
potential in the different concentrations of DDPB, TDPB and DDBPB was either stable or increasing but
later decreasing compared with the blank, suggesting the breaking down of a film before stabilization.
This can be attributed to the bulky nature of DDPB, TDPB and DDBPB forming a porous film on X-60
mild steel surface that will contribute to slowing down the rate of corrosion. The slight shift in the
potential in the presence of an inhibitor suggests both an anodic and cathodic mechanism of protection.
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To characterize the capacitive behaviors and kinetics of the electrochemical process of DDPB,
TDPB and DDBPB on X-60 mild steel surface, an impedance measurement was carried out after 1 h of
OCP. Nyquist and Bode’s (modulus and phase angle) plots of DDPB, TDPB and DDBPB are presented
in Figures 4 and 5, respectively, for better comparison. It can be observed in the Nyquist plots (Figure 4)
that the real impedance values increase as the concentration of DDPB, TDPB and DDBPB increases, as
indicated by the corresponding diameters. TDPB (Figure 4b) was found to have the maximum real
impedance value followed by DDPB (Figure 4a) and DDBPB (Figure 4c) at 30 mg/L concentrations
with lower values for all inhibitors at 50 mg/L concentrations. This behavior is in agreement with what
was observed in the gravimetric measurement for DDPB, TDPB and DDBPB. Exhibition of a single
semi-circle with no shoulder, indicating a relaxation process [50,51], can be observed in the absence of
DDPB, TDPB and DDBPB, but the presence of different concentrations of DDPB, TDPB and DDBPB
introduced a shoulder on the semi-circle, indicating an additional relaxation process, suggesting a
double relaxation process as a result of film formation on the X-60 mild steel surface. The extent of
the interaction of DDPB, TDPB and DDBPB with X-60 mild steel in the testing medium can be easily
predicted by the shape exhibited by the individual inhibitor on the Bode’s plots (Figure 5). Curves
close to a straight line between the solution resistance and the total resistance can be observed in the
modulus plots (Figure 5e), and non-distinguishable minimal deflections similar to the blank in the
phase angle plots (Figure 5f) for DDBPB are a relative indication of the least interaction of DDBPB with
X-60 mild steel. Moderate interaction can be suggested for DDPB comparing the non-linearity of the
curve of the modulus plot (Figure 5a) and a broader distinguishable minimal deflections phase angle
(Figure 5b) clearly showing the existence of two times constant. However, it is obvious from the curve
exhibited in the modulus plots (Figure 5c) and the glaring two minimal deflections in the phase angle
plots (Figure 5d) for TDPB showing a superiority interaction of TDPB in agreement with the claimed
order of effectiveness (TDPB > DDPB > DDBPB), conforming with their extent of interaction with X-60
mild steel.
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Modeling a suitable electrical equivalent circuit to generate data for the impedance plots requires
considering shapes of the Nyquist semicircle, curves of modulus plots and nature of deflections in
the phase angle plots. The imperfect semicircle of the Nyquist plot and minimal deflection point of
angle lower than 90◦ suggest the relaxation porosity effect due to surface roughness, mass transfer,
non-homogeneity of local dielectric material and time constant frequency dispersion [52], which
can be accounted for by the introduction of a constant phase element [53] in place of capacitance in
the equivalent circuit. Also, numbers of distinguishable maxima or minimal deflections related to
shoulders indicated by the modulus phase angle plot are equivalent to numbers of the time constant of
the electrochemical system processes [51].

Reliable chi-square (χ2) fitting values were obtained using Figure 6a,b to fit impedance plots
in the absence and presence of DDPB, TDPB and DDBPB, respectively. Electrochemical impedance
parameters are listed in Table 1 along with other estimated data for X-60 mild steel in the absence
and presence of DDPB, TDPB and DDBPB. Impedance efficiency (Eimp) is estimated by computing the
percentage difference between the total charge transfer resistance in the presence (RT) and absence
(Rct◦ ) of DDPB, TDPB and DDBPB, as shown in Equations (4) and (5).

RT = R f + Rct (4)

Eimp(%) =
RT −Rct◦

RT
× 100 (5)

where RT is the total resistance comprised of the charge transfer resistance of the film (R f ) and the
charge transfer resistance of the double layer in the presence (Rct) and absence (Rct◦ ) of DDPB, TDPB
and DDBPB.
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Table 1. Impedance parameters of X-60 mild steel in the absence and presence of different concentrations
of DDPB, TDPB and DDBPB at 25 ◦C.

Inhibitor
Conc.
(mg/L)

Rs
(Ωcm2)

CPEf CPEdl RT
(Ωcm2)

χ2
×

10−3
Eimp (%)Yof

(µΩSn/cm2)
nf

Rf

(Ωcm2)
Yodl

(µΩSn/cm2) ndl
Rct

(Ωcm2)

Blank 2.75 - - - 342.9 0.79 148.0 148.0 0.69 -

DDPB

5 3.13 330.1 0.75 240.4 979.1 1.10 26.5 266.9 2.28 44.5
10 2.79 235.1 0.84 362.5 370.6 0.74 28.2 390.7 0.71 62.1
20 2.69 260.9 0.80 387.3 295.8 0.78 19.7 407.0 0.52 63.6
30 2.53 199.2 0.78 666.1 131.0 0.78 30.4 696.5 0.99 78.8
50 2.70 279.4 0.79 429.5 364.9 0.79 16.7 446.2 0.48 66.8

TDPB

5 2.86 250.3 0.86 366.6 414.4 0.70 29.9 396.5 0.96 62.7
10 2.63 211.7 0.82 385.7 419.9 0.70 43.5 429.2 1.12 65.5
20 2.36 291.6 0.82 414.5 536.6 0.65 24.4 438.9 0.46 66.3
30 2.25 309.2 0.75 798.0 50.7 0.75 28.6 826.6 1.52 82.1
50 2.23 1098.0 0.54 188.1 328.6 0.93 284.1 472.2 0.46 68.7

DDBPB

5 3.05 747.5 0.71 35.3 215.4 0.96 156.5 191.8 0.91 22.8
10 3.06 203.4 0.87 254.7 563.6 0.71 24.3 279.0 0.73 47.0
20 2.73 461.5 0.74 52.4 241.4 0.93 245.4 297.8 0.70 50.3
30 2.47 412.0 0.69 284.4 335.1 1.11 156.0 440.4 1.47 66.4
50 2.96 175.5 0.93 272.1 762.4 0.71 36.2 308.3 0.62 52.0

It can also be observed that the percentage efficiency of all inhibitors increases with an increase in
concentration from 5 mg/L up to the optimum values of 30 mg/L, with a further increase in concentration
decrease efficiency of all inhibitors. The efficiency of 78.8%, 82.1% and 66.4% were achieved for DDPB,
TDPB and DDBPB, respectively, in the same order of superiority from the gravimetric experiment.
Furthermore, it was found that resistance of the film (R f ) as a result of a protective film formation by
DDPB, TDPB and DDBPB plays a major role in the total resistance (RT). Effective corrosion inhibition
of DDPB, TDPB and DDBPB could be attributed to the adsorption of the pie bond of the aromatic and
the ionized quaternary pyridimic nitrogen on the X-60 mild steel forming a protective film with the
hydrophobes, thereby creating a barrier for charge and mass transfer to isolate corroding ion from
attacking X-60 mild steel.

3.3.2. Polarization Measurements

A direct current approach by potentiodynamic polarization (PDP) technique was used to gain
insight into the change in the kinetics of cathodic and anodic reactions of X-60 mild steel in 1 M HCl
in the presence of DDPB, TDPB and DDBPB. Tafel curves generated from the PDP measurements
were presented in Figure 7. It can be observed that all curves exhibit similar nature of polarization
in both directions but characterized with lower current density cathodic and anodic regions in the
presence of different concentrations of DDPB, TDPB and DDBPB when compared with the anodic and
cathodic curves of the X-60 mild steel in the absence of an inhibitor. This behavior characterized by a
reduction in current density in the anodic and cathodic direction of the Tafel curve is an indication
of a mixed-type corrosion inhibition mechanism. However, the extent of reduction of the current
density was found to depend on the type of inhibitor (DDPB, TDPB or DDBPB) present in the testing
medium. Tafel anodic slopes (βa), cathodic slopes (βc), corrosion current densities (Icorr), corrosion
potentials (Ecorr) and corrosion rates (Crate) extrapolated from the linear portion of the Tafel curves are
enumerated in Table 2. A mixed type inhibitor (DDPB, TDPB and DDBPB) property can be further
confirmed by the slight negative shift of Ecorr in both directions and were observed in Table 2 when
compared with the blank. Furthermore, corrosion rates of X-60 mild steel were found to decrease as
the concentrations of DDPB, TDPB and DDBPB increase from 5 to 30 mg/L. Optimum concentrations
of corrosion efficiency of DDPB, TDPB and DDBPB was found to be in good agreement with what was
observed in the impedance and the gravimetric measurements. The percentage inhibition efficiencies
(Epdp) of inhibitors were computed using Equation (6) and listed in Table 2. Efficiencies of 83.3%, 88.0%
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and 72.8% were achieved with 30 mg/L concentrations of DDPB, TDPB and DDBPB, respectively,
following the order of superiority earlier observed from other techniques

Epdp =
Icorr◦−Icorr

Icorr◦
× 100 (6)

where Icorr◦ and Icorr is the current density in absence and presence and of different concentrations of
DDPB, TDPB and DDBPB, respectively.Coatings 2020, 10, x 14 of 24 
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Table 2. Potentiodynamic polarization (PDP) and linear polarization resistance (LPR) parameters of
X-60 mild steel in absence and presence of different concentrations of DDPB, TDPB and DDBPB at
25 ◦C.

Inhibitors
Conc.

(mg/L)

PDP LPR

Ecorr
(mV/SCE)

Icorr
(µA/cm2)

Crate
(mm/yr)

βa
(mV/dec)

βc
(mV/dec)

Epdp (%)
Rp

(Ωcm2)
Crate

(mm/yr)
Elpr (%)

Blank −490.0 167.0 76.50 124.1 118.1 - 161.6 73.6 -

DDPB

5 −492.0 94.8 43.32 196.1 79.80 43.2 315.4 34.9 48.8
10 −497.0 65.1 29.74 151.8 141.8 61.0 344.7 33.4 53.1
20 −483.0 47.8 21.84 109.2 132.3 71.4 494.1 23.8 67.3
30 −501.1 27.9 12.76 109.5 87.7 83.3 623.9 18.3 74.1
50 −475.0 70.1 32.04 99.7 100.9 58.0 509.0 19.0 68.3

TDPB

5 −497.0 63.4 28.9 159.5 114.4 62.2 410.9 28.8 60.7
10 −487.0 57.7 26.4 120.4 124.6 65.5 445.3 26.2 63.7
20 −513.0 58.0 26.5 172.4 123.9 65.5 545.0 21.3 70.4
30 −510.0 20.1 9.2 106.9 90.6 88.0 853.6 13.7 81.1
50 −482.0 74.6 34.1 144.4 179.8 55.3 431.9 23.4 62.6

DDBPB

5 −500.0 118.0 54.1 124.4 130.6 29.3 206.5 55.9 21.7
10 −496.0 69.6 31.8 110.5 73.3 58.3 316.6 36.2 48.9
20 −497.0 59.0 27.0 105.3 67.3 64.7 326.4 35.4 50.5
30 −495.0 45.5 20.8 102.4 73.9 72.8 420.1 27.5 61.5
50 −492.0 82.0 37.5 128.4 89.4 37.5 288.2 39.9 43.9

Corrosion rates and other electrochemical parameters obtained by linear polarization resistance
(LPR) measurements in the absence and presence of different concentrations of DDPB, TDPB and
DDBPB were also presented in Table 2. Polarization resistance (Rp) was obtained using the slopes of
potential (E) versus current density (i) curves measured±10 mV at corrosion potential (Ecorr). Inhibition
efficiencies (Elpr) of the LPR measurements were estimated by the percentage difference between the
polarization resistance in the presence (Rp) and absence (Rp◦) of different concentrations of DDPB,
TDPB and DDBPB using Equation (7).

Elpr(%) =
Rp −Rp◦

Rp
× 100 (7)

The corrosion rate was observed to decrease with an increase in concentration from 5–30 mg/L of
DDPB, TDPB and DDBPB. Further increase in the concentration of inhibitors above 30 mg/L leads to an
increase in corrosion rate and lower efficiency as evidenced by the presence of 50 mg/L concentrations
for all inhibitors. This trend has been observed from other experimental techniques pointing towards
30 mg/L as the optimum concentration of DDPB, TDPB and DDBPB in the testing medium. Reduction
in the corrosion rate of about 60.0, 55.3, and 46.1 mm/yr along with Elpr of 81.1%, 74.1%, and 61.5% were
achieved for 30 mg/L TDPB, DDPB and DDBPB, respectively, when compared with X-60 mild steel in
the absence of inhibitors. The corrosion inhibition efficiencies results obtained for the polarization and
impedance measurements are in close agreement with the gravimetric measurement.

3.4. Adsorption Isotherm

Adsorption isotherm was constructed to obtained information on the nature of adsorption of
DDPB, TDPB and DDBPB on X-60 mild steel in HCl solution with an assumption of direct relationship
between the degree of surface coverage (θ) and the inhibition efficiency of the impedance measurements
(θ = Eimp/100). This assumption is based on the fact that the extent of corrosion inhibition is a function
of the surface condition of the substrate and nature of the adsorption of inhibitors. Different adsorption
isotherm models were fitted with values obtained, but the Langmuir isotherm model was found to be
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the best-fitted isotherm model base on correlation coefficient (R2) values. It is a monolayer adsorption
isotherm characterized by the expression presented as Equation (8):

Cinh
θ

=
1

Kads
+ Cinh (8)

where θ is the surface coverage, Cinh is the concentration of DDPB, TDPB and DDBPB, and Kads is the
equilibrium constant of the adsorption process.

Plots of the ratio of concentrations (C) of DDPB, TDPB and DDBPB and surface coverage (θ)
against concentrations (C) are presented as Figure S5, and parameters extrapolated from the model
are enumerated in Table S2. It can be observed that slopes of 1.05, 1.10 and 0.99 obtained for DDPB,
TDPB and DDBPB, respectively, are close to unity (1). This is an indication that all inhibitors obey the
Langmuir isotherm model despite major contributions of the film formed on the surface of X-60 mild
steel on their overall inhibition corrosion resistance. However, correlation efficiencies (R2) values 0.990,
0.999 and 0.922 obtained for DDPB, TDPB and DDBPB, respectively, can be correlated to the extent of
interaction of inhibitors revealed by impedance measurement.

Nature of adsorption of DDPB, TDPB and DDBPB on X-60 mild steel can be predicted from the
Kads that were obtained from the intercept of Langmuir plots by relating it with standard Gibbs free
energy (∆Gads) using Equation (9).

∆G◦ads = −RT in
(
1× 106 Kads

)
(9)

where R is the universal gas constant, T is the absolute temperature in Kelvin and 1 × 106 is the
concentration of water expressed in ppm (mg/L).

The physisorption process that is characterized by electrostatic interaction between the charged
adsorbed molecule and the metal surface has been attributed to ∆G◦ads values of −20 kJ/mol or less,
while the chemisorption process that is characterized by the formation of coordinate bond involving
charge transfer or sharing between molecules of inhibitor and metal surface have been attributed to
∆G◦ads values of −40 kJ/mol or more [54]. Estimated values of ∆G◦ads enumerated in Table S2 are −38.1,
−33.3 and −40.3 kJ/mol for DDPB, TDPB and DDBPB, respectively. It can be deduced base on the ∆G◦ads
values obtained that the adsorption process of DDPB, TDPB and DDBPB X-60 mild steel may involve
both physisorption and chemisorption but more of the chemisorption process. These double adsorption
processes can be explained by an assumption made by Lozano et al. [55] that there is likely an existence
of strong adsorption of water molecule on X-60 mild steel surface, which will have more affinity for the
ionized nitrogen center of the hydrophilic section of pyridinium bromide salt (physisorption process)
and later accompanied by charge sharing or transfer between electron-rich centers of the inhibitor and
the mild steel surface (chemisorption process) as a result of longer interaction time.

3.5. Monte Carlo Simulation and Log-P

The most stable energy configurations for the adsorption energy of DDPB, TDPB and DDBPB
that were carried out in aqueous phase with 30 molecules of water to mimic corrosion environment
snapshots are shown in Figure 8. It can be observed that the pyridinium ring is the center of adsorption
for all Fe(110)/inhibitors systems. However, orientation of the aromatic ring of DDPB (Figure 8a)
and TDPB (Figure 8b) are tilted in the same manner on the Fe(110) surface, while that of DDBPB
(Figure 8c) is parallel with maximum contact on the Fe(110) surface and the other ring is tilted but
does not have contact with the Fe(110) surface. It has been reported that the more negative adsorption
energies of inhibitors are responsible for their degree of interactions with the metal surface and,
thereby, proportional to their corrosion efficiencies [56]. Adsorption energies of −34.1, −38.5 and
−42.6 Kcal/mol computed for DDPB, TDPB and DDBPB, respectively, from the Monte Carlo simulation
are shown in Table 3. The higher adsorption energy of TDPB than DDPB is in agreement with the
experimental results. However, the highest adsorption energy of DDBPB when compared with both
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TDPB and DDPB from the simulation study will distort the order of inhibition efficiencies (TDPB >

DDPB > DDBPB) from the experimental results. Therefore, the rate of adsorptions of DDPB, TDPB and
DDBPB on mild steel surface is likely not the only factor responsible for the order of their corrosion
inhibition efficiencies.Coatings 2020, 10, x 17 of 24 
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Figure 8. Most stable energy configurations of (a) DDPB, (b) TDPB and (c) DDBPB adsorptions on the
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Table 3. Monte Carlo simulation’s parameters for the adsorption of DDPB, TDPB and DDBPB on Fe
(110)/30 H2O interface.

Interface Adsorption Energy of Inhibitors
(Kcal/mol)

Adsorption Energy of H2O
(Kcal/mol)

Fe(110)/DDPB/30 H2O −34.1 −1.10
Fe(110)/TDPB/30 H2O −38.5 −1.24

Fe(110)/DDBPB/30 H2O −42.6 −1.22

Furthermore, degrees of solubility of DDPB, TDPB and DDBPB in solution were predicted with
ACD/LLABS Percepta v.2018.1 software. Partition coefficient Log P ([organic]/[aqueous]) indicates the
concentration of solute in an organic and aqueous partition. A negative value of Log P indicates a high
affinity of the compound for the aqueous phase (more hydrophilic); Log P = 0 indicates equal partition
of the compound between hydrophilic and hydrophobic phases; while a positive value indicates a
highly hydrophobic phase. Values obtained were −0.03, 0.84 and −3.88 for DDPB, TDPB and DDBPB,
respectively. It can be observed that TDPB has a positive value indicating a highly hydrophobic
property of the protective film formed on X-60 mild steel, while DDPB is very close to zero, indicating
a moderate hydrophobic property of the film. A very relatively high negative value of -3.88 was
predicted for DDBPB. This indicates a high hydrophilic property of the film formed by DDBPB (most
soluble). The degree of solubility of protective films formed on the surface of mild steel as predicted
by Log P values (TDPB > DDPB > DDBPB) agrees with the order of inhibition efficiencies in the
experimental results. Based on structural features of DDPB, TDPB and DDBPB, they can be classified as
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surfactant corrosion inhibitors [57]. Corrosion inhibition efficiencies of surfactant corrosion inhibitors
have been reported to depend not only on the adsorption energy parameter but include water and oil
partition interaction along with several other factors [58].

3.6. Surface Analysis

FTIR-ATR was carried out to confirm the adsorptions of DDPB, TDPB and DDBPB on the surface
of X-60 mild steel. FTIR-ATR spectra measurement was taken after 24 h immersion of X-60 in 1 M HCl
in the presence of 30 mg/L DDPB, TDPB and DDBPB, and presented as Figure 9. Spectra of polished
X-60 and X-60 in 1 M HCl are observed to be without any functional groups of inhibitors. However, all
the functional groups of inhibitors presented in Figure S3 for DDPB, TDPB and DDBPB in pure forms
are detected on the surface of mild steel in the presence of inhibitors. A broadening peak in the O-H
band that is probably due to the moisture adsorbed by the pyridinium salts on mild steel surface in
the corrosive environment can be observed between 3200 cm−1 and 3600 cm−1. Doublet peaks of C-H
stretch between 2800 cm−1 and 3000 cm−1 can also be observed on the surface of metals. Interactions
of inhibitors with X-60 can be attributed to a slight shift in a position towards the left for C=N, C=C
and aromatic in-plane bending observed at about 1600 cm−1, 1300 cm−1 and 1000 cm−1 respectively.
The presence of all these functional groups on the surface of mild steel confirmed that adsorption of
DDPB, TDPB and DDBPB are responsible for the protection of X-60 mild steel in 1 M HCl.
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Figure 9. FTIR-ATR spectra showing adsorption of DDPB, TDPB and DDBPB on X-60 mild steel after
complete immersion in the absence and presence of 30 mg/L inhibitors for 24 h at 25 ◦C.

Surface morphology studies (Figure 10) of X-60 mild steel coupons after 24 h exposure in 1 M
HCl solution in the absence and presence of 30 mg/L of DDPB, TDPB and DDBPB at 25 ◦C were
conducted by SEM to further confirm the adsorption of inhibitor on the mild steel surface. Comparing
the image of polished X-60 mild steel without exposure to the testing solution shown in Figure 10a
and the image after 24 h exposure in 1 M HCl solution (Figure 10b), a severe surface degradation was
observed with very high surface roughness due to acid attack. The surface was observed to have
undergone uniform corrosion with no evidence of localized corrosion. However, the surface roughness
observed on the mild steel in Figure 10b was drastically reduced due to inhibiting effects of 30 mg/L
inhibitors (DDPB, TDPB or DDBPB) in 1 M HCl solution on the metal surface, as shown in Figure 10c–e,
respectively. Adsorption of inhibitors on the metal surface forming a protective layer against acid
attack is responsible for the inhibition efficiency, as evidenced by the presence of adsorbate on the metal
surface. EDX analysis spectra presented in Figure S6 revealed elemental compositions of X-60 mild
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steel surface in the absence and presence of different inhibitors. The presence of trace amounts of a
nitrogen atom in Figure S6c–e confirmed adsorptions of DDPB, TDPB and DDBPB on the X-60 surface.Coatings 2020, 10, x 19 of 24 
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Figure 10. SEM images of X-60 mild steel in the absence and presence of 30 mg/L inhibitors after
complete immersion in 1 M HCl for 24 h at 25 ◦C; (a) polished X-60 mild steel, (b) X-60 in 1 M HCl in
the absence of inhibitor, and X-60 in 1 M HCl in the presence of (c) DDPB, (d) TDPB and (e) DDBPB.

The degree of hydrophilicity of the film formed on mild steel surface by DDPB, TDPB and DDBPB
was investigated by contact angle measurements after immersion in the testing medium in the absence
and presence of 30 mg/L inhibitors. A very obvious hydrophobic property of the polished X-60 mild
steel coupon (Figure 11a) was established with a contact angle of an average of 101.4◦. Immersion of
X-60 sample in 1 M HCl solution for 24 h distorted the hydrophobic surface of the metal evidenced by
the reduced contact angle with water droplet to 42.4◦ (Figure 11b) due to drastic acid attack. However,
the effect of the acid attack was mitigated by the presence of DDPB, TDPB and DDBPB due to the
formation of a protective film on the X-60 surface with improved contact angle values of different
magnitudes. Average contact angles measured, as shown in Figure 11c–e, are 58.9◦, 75.8◦ and 47.1◦

for DDPB, TDPB and DDBPB, respectively. The order of magnitude of the contact angle shows that
TDPB > DDPB > DDBPB, which indicates a decrease in hydrophilicity of the protecting film formed by
inhibitors. DDBPB, being more hydrophilic, is not effective enough to entrain the water layer from the
steel’s surface and cover it with the C12 alkyl chain. Moreover, it may not be advantageous to sacrifice
the entropy loss for complete adsorption on the metal surface. Instead, one of the cationic centers is
expected to be adsorbed on the surface while the other cationic terminal of DDBPB would protrude
into the corroding medium, thereby providing minimum coverage to the metal surface. This is in
agreement with the magnitude of Log P values predicted for solubility of inhibitors and the order of
corrosion inhibition efficiency obtained from all experimental results.
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Figure 11. Water droplet images during contact angle measurements of X-60 mild steel in the absence
and presence of 30 mg/L inhibitors after complete immersion in 1 M HCl for 24 h at 25 ◦C; (a) polished
X-60 mild steel, (b) X-60 in 1 M HCl in the absence of inhibitor, and X-60 in 1 M HCl in the presence of
(c) DDPB, (d) TDPB and (e) DDBPB.

4. Conclusions

Three innovative pyridinium bromide salt derivatives; dodecyl pyridinium bromide (DDPB),
tetradecyl pyridinium bromide (TDPB) and dodecyl 1,1′-bispyridinium dibromide (DDBPB) were
successfully synthesized, and characterized by the elemental analyzer, FTIR, 1H-NMR, 13C-NMR and
surface tensiometer. Evaluations of the corrosion inhibition efficiencies of synthesized compounds were
carried out by gravimetric, electrochemical impedance spectroscopy, potentiodynamic polarization
and linear polarization measurements. Monte Carlo simulation and partition coefficients (Log P) were
used theoretically to predict the electronics and chemical properties of inhibitors on the surface of X-60
mild steel. Surface analysis of the mild steel in the absence and presence of inhibitors was performed
with ATR-FTIR, SEM-EDX and contact angle measurements. The following conclusions could be
drawn from the results obtained;

1. All synthesized pyridinium bromide salts structures contain a similar π − bond aromatic ring
with an electron-rich nitrogen center and a different engineered hydrophobic alkyl chain.

2. Synthesized compounds are promising corrosion inhibitors of mild steel for HCl pickling
application at a very low concentration of 30 mg/L. They are potential candidates for the
formulation of corrosion inhibitors for industrial applications.

3. The performance of inhibitors is concentration and temperature dependent with the superiority
order of TDPB > DDPB > DDBPB.

4. The order of corrosion inhibition efficiencies of synthesized compounds was found not to depend
only on the adsorption energy due to similar adsorption centers revealed by Monte Carlo
simulation but depend on the hydrophilicity of the inhibitors that formed a protective film on the
surface of mild steel.

5. Mixed type corrosion inhibition mechanism of all synthesized compounds was revealed by
potentiodynamic polarization resistance.

6. Adsorption of corrosion inhibitors on mild steel was found to obey Langmuir adsorption isotherm
despite the major contribution of the film for their efficiencies.
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7. Experimental and theoretical results were found to be complementary in understanding the
chemical properties of synthesized compounds.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/10/2/185/s1,
Figure S1: 1H NMR spectra of synthesized DDPB (1), TDPB (2) and DDBPB (3) corrosion inhibitors, Figure S2:
13C NMR spectra of synthesized DDPB (1), TDPB (2) and DDBPB (3) corrosion inhibitors, Figure S3: FTIR
spectra of synthesized DDPB (1), TDPB (2) and DDBPB (3) corrosion inhibitors, Figure S4: Surface tension versus
concentration of DDPB, TDPB and DDBPB in 1 M HCl solution at 25 ◦C, Figure S5: Langmuir adsorption isotherms
for DDPB, TDPB and DDBPB on X-60 mild steel in 1 M HCl solution at 25 ◦C, Figure S6: EDX spectra of X-60 mild
steel in absence and presence of 30 mg/L corrosion inhibitors after complete immersion in 1 M HCl for 24 h at
25 ◦C; (a) Polished X-60 mild steel, (b) X-60 in 1 M HCl in the absence of inhibitor, and X-60 in 1 M HCl in the
presence of (c) DDPB, (d) TDPB and (e) DDBPB, Table S1: Surface properties of compounds DDPB, TDPB and
DDBPB in 1M HCl solutions at 25 ◦C., Table S2: Adsorption isotherm of DDPB, TDPB and DDBPB in 1 M HCl on
X-60 mild steel at 25 ◦C.
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