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Abstract: The efficiency of corrosion inhibition for waterborne polyurethane based on N-tert-butyl
diethanolamine (tB-WPU) is investigated using different techniques. Corrosion weight loss, open
circuit potential experiments, electrochemical impedance spectroscopy, and potentiodynamic po-
larization measurements show that both a commercial reagent and a polyurethane-based inhibitor
prevent corrosion at increasing temperature to 50 ◦C. At 75 ◦C, the activity of both reagents is reduced.
In stirring conditions, the effectiveness of acid corrosion inhibition (25 ◦C, 500 ppm) drops abruptly
from 89.5% to 60.7%, which is related presumably to the complexity of binding the polymer molecules
to the metal surface. As follows from thermodynamic calculations, the adsorption of tB-WPU on the
metal surface in 2M HCl can be treated as a physisorption. Model quantum–chemical calculations
support the experimental studies and elucidate the nature of steel surface–inhibitor molecule chemical
bond, which is realized mainly by carboxyl and amino groups. It is concluded that WPUs can be
considered as a perspective alternative to commercial oilfield reagents due to their versatility.

Keywords: corrosion inhibition; acid corrosion; dual-functional inhibitors; carbon steel; waterborne
polyurethanes; density functional theory

1. Introduction

Corrosion is a problem that may have severe economic effects [1]. Carbon steel (CS) is
a widely used alloy, due to its affordable cost and high strength characteristics. Various
products are made from steels consisting of iron and carbon and a minimum of other
impurities [2]. However, in many manufacturing processes, CS suffers from pronounced
uneven or local electrochemical corrosion [3]. At the same time, acidification, including acid
injection into a well or a geological formation producing oil and/or gas, is an important
method of enhancing oil recovery [4].

Designing efficient inhibitors to prevent acid corrosion is a priority task for the in-
dustry. Various corrosion inhibitors (CIs) are widely used to solve corrosion problems in
this procedure [5–8]. It is a relatively profitable and efficient technique. A key factor of
preventing corrosion is the ability of inhibitor molecules to adsorb on the metal surface,
creating a protective film. Therefore, it is important to select an appropriate inhibitor for
a particular metal [4]. The presence of π-electrons, heteroatoms (such as sulfur, nitrogen,
or oxygen), and polar/aromatic functional groups in the compound structure usually
leads to increasing the inhibitory activity. Imidazolines, phosphate esters, and quaternary
ammonium surfactants are the most prevalent flow line CIs [4,9–12].
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Inhibitors are classified by their mechanisms, i.e., cathode, anode, or mixed; their
chemical composition, i.e., organic, mineral, or volatile; or application, i.e., for acidic,
neutral, or alkaline services [13]. There are two inhibiting schemes: Changing the energy
that activates the corrosion process and reducing the surface area exposed to corrosion.

Currently, more attention is being paid to environmentally friendly and biodegrad-
able inhibitors [14–18]. In some countries, environmental protection organizations have
introduced strict rules and regulations on bioaccumulation, biodegradability, and toxic-
ity [19]. PARCOM (PARis COMmission) has established standard tests that cover these
three aspects [20].

Gas hydrates are also discussed as one of the challenges the oil and gas industry faces
today [21,22]. Different problems require different reagents to solve them; however, many
simultaneously used chemicals lead to an increase in the cost of storage, transportation,
and regeneration. In addition, it has been shown that inhibitors of different types, such
as those inhibiting hydrates and those inhibiting corrosion, may suppress each other’s
activity [23,24]. Therefore, a challenge is to create multifunctional reagents that would
be commercially available and environmentally friendly, on the one hand, and could
efficiently inhibit several processes simultaneously, on the other hand. Earlier, our team
developed a new, promising class of hydrate formation inhibitors based on water-soluble
polyurethanes [25–28]. These compounds have manifested significant benefits in inhibiting
hydrate formation, as compared to commercial reagents, such as Luvicap EG and Luvicap
55 W. This class of compounds was chosen due to their ability to synthesize molecules with
the desired properties and under mild conditions.

This paper is the first to describe the detailed study of the anticorrosive effect of this
type of polymers, i.e., complex inhibitors that inhibit both corrosion and hydrate formation.
Inhibitory behavior of waterborne polyurethane based on N-tert-butyl diethanolamine was
evaluated for CS in 2M HCl solution at 298–348 K using weight loss measurements, open
circuit potential (OCP) values, potentiodynamic polarization (PDP) curves, electrochemical
impedance spectroscopy (EIS), and profilometry. A correlation between molecular structure
and inhibition properties was explored using model quantum–chemical calculations at the
density functional theory level. The polymer under study inhibits quite efficiently both
acid corrosion of steel 3 at 25 ◦C and the nucleation/growth of gas hydrates (comparable to
commercial inhibitors). Thus, this reagent shows a complex action, which is promising for
oilfield chemistry [24].

2. Experiment
2.1. Materials

For all the experiments, deionized water was obtained via the Arium Mini Plus
Ultrapure Water System by Sartorius, Germany (18.20 MΩ cm at 25 ◦C). Hydrochloric
acid was used to study acid corrosion (Acros Organics, Belgium). Commercial amine-type
reagent, Armohib CI-28 by AkzoNobel, The Netherlands, was used as a reference inhibitor.

2.2. Synthesizing Waterborne Polyurethane

To study anticorrosive activity, waterborne polyurethane was obtained by the method
described in [28]. Briefly, polyethylene glycol (PEG 400) and dimethylol propionic acid
(DMPA) were mixed at 70 ◦C for 30 min to obtain a homogeneous solution. Afterwards,
isophoron diisocyanate (IP) was added to the reaction mixture, and the reaction was
continued at 85 ◦C for two hours, tetrahydrofuran (THF) being added to decrease the
viscosity of the reaction mixture. After 2 h, N-butyl diethanolamine was added, and the
reaction run at 85 ◦C for 5 more hours. At the end of the reaction, the solution was cooled
down to 25 ◦C, and triethylamine (TEA 1.2 equivalents of DMPA) was added to neutralize
the solution. The polymer obtained was dried on a rotary evaporator and dissolved in
demineralized water to prepare the final solution. Figure 1 shows the structure of the
resulting compound.
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Figure 1. Structure of the polyurethane based on N-butyl diethanolamine.

2.3. Corrosion Weight Loss Experiments

Carbon steel coupons (sized 2.54 cm × 5.08 cm × 0.16 cm; composition (wt%): 0.24 of
C; 0.37 of Si; 0.65 of Mn; 0.25 of Cu; 0.25 of Ni; 0.08 of As; 0.045 of S; 0.035 of P, and 98.08
of Fe) were cleaned with distilled water and ethanol. Using emery papers (grain size 800,
1000, and 1200), the CS surface was polished and then cleaned again. A high-resolution
(0.00001 g, Sartorius Cubis) analytical balance was used for weighing the initial (W0) and
final (W24) weights of CS coupons. Experiments were carried out at 25, 50, and 75 ◦C in
the 2M HCl solution at different reagent concentrations in open glass beakers for 24 h. The
steel coupons were then triple washed with ethanol and distilled water and weighed again.
To achieve reproducibility of the results, the experiment was conducted thrice. Corrosion
rate (mm/y), inhibition efficiency (%IEw), and surface coverage (θ) were calculated as
follows [29]:

CR =
8.76 × 104 × ∆m

s × t × ρ
(1)

%IEw =
CR0 − CRinh

CR0
× 100% (2)

where ∆m (g), s (cm2), t (h), and ρ (g cm−3) are the average CS weight loss value, the total
CS surface area, the corrosion time, and the CS density, respectively.

2.4. Electrochemical Measurements

Samples in form of rectangular steel plates sized 5 cm (length) × 2 cm (width) × 1 mm
(thickness) were used as electrodes. At least five samples were taken for the study from
one batch of steel. Solution: 2M HCl with/without adding an inhibitor. Sample prepara-
tion, electrochemical measurements of the open circuit potential (EOCP), computation of
corrosion potential (Ecorr), values of the Tafel equation parameters (βa, βk), and corrosion
rate (jcorr); and calculation of the inhibition efficiency (%IE) were carried out according to
conventional methods published earlier [28]. To determine the Tafel constants, a stepped
potential sweep with a sweep rate of 1 mV/s was used. The values of the potential range
of the working electrode were set from −250 mV to 250 mV of the OCP value. To maintain
a constant temperature in the solution, a thermostatic bath was used. Stirring was carried
out using a UED-20 magnetic stirrer with stirring speed of 100 rpm.

Impedance studies were carried out within potential values ranging from 0.1 to 0.3 V,
imposing a sinusoidal signal with the amplitude of 5 mV (potential step of 10 mV, frequency
range 100,000–0.1 Hz). The ZIVE SP2 Electrochemical Workstation software includes the
Zman software package with ready-made methods for corrosion research [30]. This package
was used to select an optimal electrical equivalent circuit for describing the electrochemical
behavior of the samples under study, to calculate its parameters, and to compare the
calculated data and the experimental findings. Parameter χ2 calculated by ZMan was
used as a criterion for evaluating circuits for their suitability for modeling experimental
impedance spectra. The equivalent scheme was considered to satisfy χ2 < 10−3. Upon
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completion of the calculations, the adequacy of the impedance data was assessed by
comparing them with the results of the Nyquist and Bode diagrams.

2.5. Quantum–Chemical Calculations

Since a real inhibitor molecule in anionic form is quite complicated for atomistic
modeling, it was replaced with a simpler model anion (see Figure 2a), hereinafter to
be abbreviated as mim− (model inhibitor molecule). Density Functional Theory (DFT)
calculations of mim− and the cation (triethyl ammonium, NEt3H+, see Figure 2b) in bulk
were performed using the B3LYP hybrid functional as implemented into the Gaussian
16 software package [31]. For the O, N, C, and H atoms, the standard 6–31g (d, p) basis
was used. Molecular geometry was optimized without symmetry constraints. Solvent
effects were addressed implicitly within the Polarizable Continuum Model (PCM) [28]
using values of 78 and 1.8 for static and optical dielectric constants, respectively. Geometry
of molecules and orbitals was visualized by the Chemcraft program [32].
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Figure 2. (a) Optimized geometry of the model inhibitor (anion); (b) triethyl ammonium (cation);
(c) contact anion–cation ionic pair.

Adsorption of the mim− anion at an iron electrode surface was treated in terms of
periodic DFT calculations. The metal surface was represented by its low-index face (100)
with an assumed bcc lattice for α-Fe. DFT calculations were performed using the SIESTA
program suite [14,33]. The Fe(100) surface was modeled by repeated supercells consisting
of two slabs (36 + 36) with a vacuum thickness of 2.5 nm (see Figure 2); and the Fe(110)
surface was modeled in [34] in a similar way. Since a unit cell in periodic calculations must
be neutral, it additionally includes the NEt3H+ cation that is not directly bound to the metal
surface. Molecules adsorbed were assumed to form a monolayer of the c(2 × 2) structure,
albeit the lattice symmetry is not crucial for our modeling. Neither solvent environment
nor the electrode charge was considered. GGA (Generalized Gradient Approximation)
functional in the Perdew, Burke, and Ernzerhof (PBE) version [35] was combined with a
numerical basis set of DZ quality and the Troullier–Martins norm-conserving soft ECP
(Effective Core Potential) [36]. The Brillouin zone integration was accomplished using a
2 × 2 × 1 k-point Monkhorst-Pack grid with respect to the surface unit cell. Energy of
200 Ry was taken as the cutoff in all calculations. Position of the Fe atoms was fixed, while
we allowed the atoms of adsorbed molecules to relax. Adsorbate geometry was optimized
until the residual force on each atom was below 0.01 eV/Å. Broyden mixing and Fermi-
Dirac smearing with the electronic temperature set at 300 K were applied to accelerate
the SCF (Self-Consistent Field) convergence. Spin polarization and dipole correction were
addressed in all calculations.
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2.6. Studying Surface Morphology

For studying the surface roughness of metal coupons, the DektakXT profilometer
manufactured by Bruker, Germany (stylus radius: 2 µm), was used with an accuracy of
at worst 10 nm. Surface mapping was used to display the topological 3D images of the
coupons. 3D maps of the surface morphology were analyzed with a scanning area of
1000 × 1000 µm (trace resolution 0.167 µm/pt, map resolution 40 µm/trace).

3. Results and Discussion
3.1. Weight Loss Experiments

Corrosion inhibition activity was initially evaluated by the weight loss method because
it is considered an easy method for finding out how inhibitor concentration affects its
efficiency. The measured results are reproducible in triplicate with standard deviations
ranging from 0.00035 to 0.0004 g. Sample tB-WPU in gravimetric experiments demonstrated
the 90.6% inhibition efficiency at 100 ppm [28]. A decision was taken to check whether the
compound above could prevent corrosion at 50 and 75 ◦C. Findings of weight loss studies
at higher temperatures are shown below.

It is clear (Table 1 and Figure 3) that at 25 ◦C, both Armohib CI-28 and tB-WPU inhibit
corrosion efficiently. At 75 ◦C, the effect of both reagents becomes lower. tB-WPU reduces
acid corrosion by coating the CS surface, i.e., surface coating is the most important factor in
corrosion prevention efficacy.
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Table 1. Weight loss measurement data with and without inhibitors at different temperatures.

Sample Concentration Corrosion Rate (mm/Year) %IEw

25 ◦C

W/o inhibitor − 9.19 −
tB-WPU 100 ppm 0.41 90.6

Armohib CI-28 100 ppm 0.058 98.7

50 ◦C

W/o inhibitor − 61.85 −
tB-WPU 100 ppm 12.7 79.47

Armohib CI-28 100 ppm 1.09 98.23

75 ◦C

W/o inhibitor − 91.2 −
tB-WPU 100 ppm 74.07 18.78

Armohib CI-28 100 ppm 27.84 69.47
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3.2. Electrochemical Measurements
3.2.1. Open Circuit Potential (OCP) Experiments

OCP was recorded at various concentrations of tB-WPU. Registration time of 30 min
was sufficient to stabilize the OCP. Changes in OCP at different temperatures were less
than 25 mV in blank and tB-WPU solutions.

An increase in the temperature of the solution showed that at 25 ◦C, the values of
the OCP: −511.5, −464.2, −462.6, and −460.8 mV (blank, 50, 100, 500 ppm of tB-WPU)
(Figure 4a); at 75 ◦C −523.4, −513.3, −518.2, and −519.7 mV (blank, 50, 100, 500 ppm of
tB-WPU) (Figure 4e). The maximum difference in OCP (blank and tB-WPU) was 50.7 mV at
25 ◦C and 10.1 mV at 75 ◦C.
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Figure 4. Time evolution of OCP measured for CS in 2M HCl in the absence and presence of
different concentrations of tB-WPU at different temperatures (a,c,e) w/o stirring; (b,d,f) with stirring;
(a,b) 25 ◦C; (c,d) 50 ◦C; (e,f) 75 ◦C.

If the displacement in Ecorr is >85 mV with respect to the Ecorr of blank solution,
the inhibitor can be seen as an anodic or cathodic type inhibitor, and if the displacement
in Ecorr is <85 mV, implying that tB-WPU acts as a mixed type corrosion inhibitor [37].
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TB-WPU reduces the anodic dissolution of CS and suppresses the reaction of cathodic
hydrogen release.

Stirring the solution resulted in the OCP potential shifting in a positive direction for
all the temperatures studied. This is due to an increase in the rate of adsorption of the
inhibitor on the CS surface. OCP values for 500 ppm of tB-WPU w/o stirring and with
stirring are −460.8 and −426.8 mV at 20 ◦C, −513.3 and −505.3 mV at 75 ◦C, respectively.

3.2.2. Potentiodynamic Polarization (PDP) Measurements

Electrochemical kinetic parameters, i.e., corrosion potential (Ecorr), corrosion current
density (icorr), and slopes of the cathode and anode branches (βc and βa) were obtained
based on the analysis of polarization curves in various conditions (Table 2).

Table 2. Kinetic parameters for corrosion process in the presence of tB-WPU and Armohib CI-28
inhibitors at different temperatures.

Inhibitor Concentration Eocp (mV SCE) βa (V/div) βc (V/div) Ecorr (mV) Icorr (mA·cm−2) %IE

25 ◦C w/o stirring (tB-WPU)

500 ppm −460.8 0.090 0.205 −459.099 0.036 89.5
100 ppm −462.6 0.138 0.179 −497.252 0.044 87.2
50 ppm −464.2 0.090 0.154 −486.421 0.097 71.9
0 ppm −511.5 0.118 0.192 −504.618 0.347 −

25 ◦C w/o stirring (Armohib CI-28)

500 ppm −483.1 0.09 0.208 −478.083 0.014 96.0
100 ppm −484.1 0.095 0.204 −481.736 0.024 93.2
50 ppm −491.2 0.091 0.10 −484.843 0.029 91.7
0 ppm −511.5 0.118 0.192 −504.618 0.347 −

25 ◦C with stirring (tB-WPU)

500 ppm −426.8 0.067 0.139 −478.309 0.062 60.7
100 ppm −449.9 0.075 0.188 −481.106 0.068 57.1
50 ppm −492.9 0.079 0.231 −486.537 0.096 39.7
0 ppm −516.2 0.037 0.177 −528.6 0.161 -

25 ◦C with stirring (Armohib CI-28)

500 ppm −401.6 0.080 0.123 −392.629 0.037 71.5
100 ppm −405.8 0.099 0.183 −398.484 0.053 59.2
50 ppm −413.8 0.117 0.274 −405.013 0.067 48.5
0 ppm −516.1 0.068 0.177 −494.276 0.130 −

50 ◦C w/o stirring (tB-WPU)

500 ppm −517.6 0.078 0.153 −509.5 0.219 83.2
100 ppm −522.2 0.08 0.151 −514.6 0.247 81.0
50 ppm −528.1 0.063 0.083 −517.064 0.282 74.4
0 ppm −536.2 0.071 0.135 −525.7 1.30 −

50 ◦C with stirring (tB-WPU)

500 ppm −437.3 0.045 0.071 −399.706 0.113 60.4
100 ppm −441.6 0.044 0.077 −411.709 0.169 40.7
50 ppm −443.4 0.048 0.101 −417.126 0.200 29.7
0 ppm −450.4 0.047 0.208 −423.885 0.285 −

75 ◦C w/o stirring (tB-WPU)

500 ppm −513.3 0.097 0.254 −494.281 1.301 49.6
100 ppm −518.2 0.056 0.094 −502.227 1.702 33.9
50 ppm −519.7 0.062 0.088 −508.754 1.860 27.7
0 ppm −523.4 0.062 0.093 −511.388 2.600 −

75 ◦C with stirring (tB-WPU)

500 ppm −505.3 0.042 0.075 −384.638 0.537 56.1
100 ppm −524.5 0.033 0.040 −404.285 0.773 36.8
50 ppm −527.6 0.026 0.035 −412.309 1.119 8.5
0 ppm −532.7 0.034 0.043 −422.128 1.223 −
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Dynamic conditions significantly reduced the inhibition efficiency from 89.5% without
stirring down to 60.7% with stirring (25 ◦C). It is known that when mixing the solution, the
inhibitor film desorption from a steel surface increases. An increase in temperature to 75 ◦C
negatively affected the inhibitory properties: 25 ◦C (89.5%), 50 ◦C (83.2%), 75 ◦C (49.6%).

It is possible to classify an inhibitor by the value changes in the corrosion potential
(Ecorr) in a pure solution and in an inhibitor-containing solution. Without stirring, it
was −45.5 mV (25 ◦C), −16.2 mV (50 ◦C), and −17.1 mV (75 ◦C). Consequently, the
inhibitor under study is of a mixed type, controlling the anode and cathode reactions
simultaneously [38–40]. The idea about the mixed nature of the inhibitor under research is
confirmed by slight changes in the slopes of the anode (βa) and cathode (βk) sections of the
Tafel curves (Table 2).

With an increase in inhibitor concentration, we observed a shift in the corrosion
potential to the positive side and a decrease in the corrosion rate (icorr) for each temperature
regime separately (Figure 5). Inhibitor adsorption on the steel surface caused a change in
the double layer structure and in the kinetics of electrochemical reactions. At the same time,
it protected steel from the effects of a corrosive medium, making it difficult for metal ion
atoms to pass from the lattice into the solution.
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Comparison of data on the effectiveness of inhibition in conditions of temperature
changes up to 75 ◦C showed a decrease in efficiency against the background of an increase in
the rate of corrosion, which made it possible to identify the optimal range of concentrations
and temperatures for tB-WPU −500 ppm and 25–50 ◦C.

Coverage ratio of the electrode surface with inhibitors rapidly decreases with a poten-
tial shift in the positive direction, and the proportion of current falling on the free surface
increases [41–43]. In this regard, the anode and cathode polarization curves in inhibited
and non-inhibited electrolytes converge, as can be seen in Figure 5a,c,e.

Table 2 shows that reference reagent Armohib CI-28 at concentrations of 50–500 ppm
reduced the rate of corrosion with an efficiency of up to 96%. Stirring the solution reduces
the inhibition coefficient by 24.5% to 71.5% at 500 ppm. The inhibition coefficient decreased
by 28.8% for tB-WPU at 25 ◦C and 500 ppm with stirring.

3.2.3. Electrochemical Impedance Spectroscopy (EIS)

The steel corrosion process was studied using electrochemical impedance spectroscopy
(EIS). This technique is widely used to study corrosion processes, since it allows acquiring
information on the kinetics and mechanisms of metal destruction and on the adsorption
of inhibitors, without changing the state of the metal/solution interface. Quantitative
analysis of the frequency dependence of the impedance based on the selected equivalent
circuit allows to interpret its elements in accordance with the physicochemical nature of
the processes running on the electrodes.

Figure 6 shows a Nyquist plot that combines the amplitude–frequency and phase–
frequency characteristics of steel on a single plane. Each point of the Nyquist plot represents
an impedance at a single frequency. Low-frequency impedance values are located on the
right side of the plot, while the high-frequency ones are on the left side. The Nyquist plot
has one major drawback: It is not known to which frequency the points of the curve belong.

Nyquist graphs are of irregular semicircle shape, both in the background solution and
in the presence of inhibitors (Figure 6), and with increasing inhibitor concentration, the
diameter of the semicircles increases.

In Nyquist plots, the intersection of loops on the horizontal axis and the diameter of
the capacitive loop represents charge transfer resistance (Rct). The greater the Rct, the higher
the corrosion resistance. Rct increases on increasing the inhibitor concentration. Deviation
from the ideal semicircle is due to the surface heterogeneity and roughness. The largest
diameter of the curves (Figure 6a) is observed for impedance spectra with the tB-WPU
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concentration of 500 ppm at 25 ◦C without stirring, which indicates the inhibitor adsorption
on the metal surface.
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As the temperature increases, the impedance response changes significantly, showing
two capacitive loops on the Nyquist graph. One capacitive circuit is formed due to the
capacity of the double layer in higher frequency ranges, and the other due to the continuous
process of adsorption and desorption at lower frequencies [44]. With increasing temper-
ature, the diameters of the capacitive loops on decreases. However, their shape remains
unchanged, which indicates a change in the properties of the double electric layer against
the background of the immutability of the corrosion mechanism.

An equivalent scheme known in the literature was used to analyse the EIS results
(Figure 7) [14,45]. This scheme corresponds to the formation of a monolayer of inhibitor
molecules adsorbed on the steel surface. Since the capacitive loops had irregularities, which
indicates the heterogeneity of electrodes in the equivalent circuit (Figure 7), a constant
phase element (CPE) was introduced [46]. An equivalent circuit also contains solution
resistance, Rs, and polarization resistance, Rct [47]. The Chi-square coefficient (χ2) was
about 10−3, which indicates the accuracy of the fit.

With an increase in inhibitor concentration, the polarization resistance value increases,
which can be associated with the formation of a polymer film on the metal surface due to
the action of charge transfer [48–51].

Constant phase element (CPE) is mathematically expressed as follows [40]:

ZCPE = Y0
−1 (jω)−n (3)
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where Y0 is the CPE magnitude, j is the imaginary unit, ω is the angular frequency, and n is
the phase shift providing more details on the surface inhomogeneity [52].
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With an increase in inhibitor concentration, the CPE values decrease (Table 3). This
can be explained by an increase in the inhibitor adsorption rate and, consequentially, an
increase in the protective layer thickness [53,54]. This also confirms the increase in the
capacitive loop radius due to the presence of an obstacle in the surface film to the charge
transfer process.

Table 3. EIS parameters at various temperatures for CS in 2M HCl with various concentrations
of tB-WPU.

Inhibitor Concentration Rs (Ω cm2) Rct (Ω cm2)
CPE

x2 (10−3) η%
Y0 × 10−3 (Ω−1sn cm−2) n

25 ◦C w/o Stirring

500 ppm 0.39 63.05 1.154 0.837 5.2 83.04
100 ppm 0.40 42.11 1.203 0.842 2.9 74.61
50 ppm 0.37 38.18 1.557 0.880 3.9 72.00
0 ppm 0.92 10.69 1.898 0.825 1.6 -

25 ◦C with stirring

500 ppm 0.87 45.12 1.38 0.885 3.5 59.51
100 ppm 0.42 42.03 1.63 0.815 2.7 56.53
50 ppm 0.54 28.7 1.93 0.841 4.9 36.34
0 ppm 0.54 18.27 2.11 0.821 2.6 -

50 ◦C w/o stirring

500 ppm 0.44 5.98 0.9 0.846 9.2 79.26
100 ppm 0.29 5.69 1.4 0.839 7.9 78.21
50 ppm 0.17 4.95 1.5 0.852 3.7 74.95
0 ppm 0.24 1.24 1.9 0.840 1.3 -

50 ◦C with stirring

500 ppm 0.32 1.83 3.1 0.845 5.1 59.02
100 ppm 0.23 1.43 4.0 0.855 4.5 47.55
50 ppm 0.16 1.03 4.9 0.860 3.8 27.18
0 ppm 0.22 0.75 6.8 0.832 1.4 -

75 ◦C w/o stirring

500 ppm 0.22 2.01 1.02 0.849 3.2 63.68
100 ppm 0.13 1.5 1.21 0.851 6.8 51.33
50 ppm 0.11 0.85 1.52 0.865 5.3 14.12
0 ppm 0.15 0.73 1.56 0.841 9.8 -

75 ◦C with stirring

500 ppm 0.65 1.24 1.01 0.839 0.1 54.84
100 ppm 0.15 0.92 1.3 0.841 2.1 39.13
50 ppm 0.54 0.64 1.21 0.850 8.4 12.50
0 ppm 0.43 0.56 1.6 0.835 9.3 -
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η% was calculated from the charge transfer [55]:

η% =
Rct − R0

ct
Rct

∗ 100 (4)

where R0
ct and Rct are the charge transfer resistance values in the absence and presence of

tB-WPU, respectively.
Nyquist graphs contain frequency as an implicit variable. Such graphs are informative

for understanding the processes running in the system, but no frequency as an explicit
variable is a significant obstacle to understanding frequency dependencies. Representing
experimental data in form of the impedance dependence on frequency, the Bode graph (Sup-
plementary Materials) is constructed for the real and imaginary impedance components.
Bode graphs showed an increase in the phase angle peaks, which indicates an increase
in the degree of adsorption and inhibitory effect in the presence of tB-WPU. Absolute
impedance values at low frequency are higher in the presence of tB-WPU, which also
confirms the inhibitor adsorption on the steel surface [56,57].

3.3. Adsorption Isotherm and Thermodynamic Calculations

To better understand the corrosion inhibition mechanism, we studied adsorption
isotherms, adsorption constants, and Gibbs free energies of adsorption. Since in our
experiment, the Langmuir isotherm agrees well with the experimental points (R2 > 0.999),
the calculation was carried out according by the following equation [58]:

Kads C =
θ

1 − θ
(5)

where θ, C, and Kads are surface coverage, inhibitor concentration, and the adsorption/
desoprion equilibrium constant, respectively. θ values were defined as %IE/100 (from
Table 2).

As shown in Figure 8, we plotted C/θ against C to obtain the linear behavior of plots
with regression coefficients close to the unity (R2 > 0.999). Kads values were obtained from
the intercept of the linear plots. Only linear dependence was not obtained for the system
with tB-WPU at 75 ◦C under stirring conditions. Deviation from unity in the slope values is
related to its IE value. Larger IE value of the inhibitor has smaller deviation from unity [59].
For non-stirred systems, the smallest slope deviation from unity is observed for Armohib
CI-28 at 25 ◦C. Next comes tB-WPU at 25 ◦C, for which the slope value increases with
increasing temperature, which means a gradual decrease in the inhibition efficiency. It is
clearly seen that, when going from 25 to 50 ◦C, the slope changes slightly, while it reaches
1.82 when going from 50 to 75 ◦C.

The relationship between Kads and ∆Gads is defined as follows [60]:

∆Gads = −R T ln(1 × 106 Kads) (6)

where T, R, and 1 × 106 are thermodynamic temperature, standard gas constant, and water
molecules concentration in the solution (mg L−1), respectively.

∆Gads value below zero indicates the spontaneous inhibitor adsorption on the metal
and shows the stability of the film formed on the CS surface. Typically, ∆Gads value may be
used to identify the adsorption type of inhibitors on a metal surface [61]. Depending on the
values of ∆Gads, it can be physisorption or chemisorption. The former one is related to weak
interactions, such as electrostatic ones, between the inhibitor molecule and Fe atoms, and
the ∆Gads values are about −20 kJ mol−1; while the second one involves forming chemical
bonds due to sharing or transferring electrons from inhibitor to metal surface, and the
∆Gads values are under −40 kJ mol−1 [46].
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Table 4 shows all the results obtained from our electrochemical studies. The Gibbs free
energy values are observed to be in the range from −20 to −30 kJ/mol, which indicates
physical adsorption. For systems with tB-WPU without stirring, the value of the Gibbs
energy increases in modulus when going from 25 to 50 ◦C, reaching Armohib values, and
then drops at 75 ◦C. The values slightly decrease in modulus upon stirring, which may
indicate a slight difficulty in binding to the surface.

Table 4. Values of constants and Gibbs free energies of adsorption for tB-WPU and Armohib CI-28
(from PDP experiments).

Sample Temperature, ◦C Kads ∆Gads, kJ/mol R2 Slope

Without stirring

tB-WPU

25 0.10 −28.54 1 1.10

50 0.16 −32.19 1 1.19

75 0.01 −26.66 1 1.82

Armohib CI-28 25 0.31 −31.34 1 1.04

With stirring

tB-WPU

25 0.03 −25.55 1 1.58

50 0.01 −24.75 1 1.46

75 - - - -

Armohib CI-28 25 0.03 −25.55 1 1.33

3.4. Activation Energy and Temperature Effect on Corrosion Kinetics

The Arrhenius equation was used to calculate activation energy [14]:

ln icorr = lnA − Ea

RT
(7)

where icorr (Table 2), A, R, and T are corrosion current density, Arrhenius constant, gas
constant, and the experiment temperature, respectively.

Ea (Table 5) was determined by the angle of inclination of the linear of the corrosion
current density on temperature (Figure 9a). For solutions with tB-WPU, the activation
energy value is greater than that for the solution of 2M HCl, which can be attributed to the
physical adsorption of tB-WPU molecules with the steel surface [56,62,63]. To evaluate the
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activation enthalpy (∆H0
ads) and entropy (∆S0

ads), log (icorr/T) dependence was used as
compared to 1/T (Figure 9b) [64].

Table 5. Activation energy (Ea), regression coefficient (R2), enthalpy (∆H0
a), and (∆S0

a) calculated for
CS in 2M HCl.

Sample Ea (kJ mol−1) ∆H0
ads (kJ mol−1) ∆S0

ads (J mol−1K−1) R2

Blank 54.51 16.38 −142.12 0.98

tB-WPU 91.16 39.60 −74.54 0.96

Armohib CI-28 106.20 46.10 −62.20 0.99
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Activation enthalpy (∆H0
ads) and entropy (∆S0

ads) can also be calculated from the
transition state [65]:

icorr =
RT
Nh

exp
∆S0

a
R

exp
−∆H0

a
RT

(8)

where h refers to Planck’s constant and N provides the number of Avogadro.
As the values of the activation barrier were found to be rather high (Table 5), it can

be argued that reaching the adsorption equilibrium requires considerable time. This was
considered when performing the adsorption measurements.

Enthalpy values (∆H0
ads) were calculated from the slope of the log jcorr/T graph from

1/T, while the graph intersection with the Y axis provided the values of activation entropy
(∆S0

ads) (Table 5). Positive values of ∆H0
ads confirmed the inhibitory effect of tB-WPU in an

acid solution [53,66]. A more positive value of ∆S* in a solution with tB-WPU suggests an
increase in the randomness of the dissolution process and, consequentially, an increase in
the inhibitor adsorption degree [67–69].

3.5. Surface Morphology Analysis

To visualize the tB-WPU action, coupons (CS) aged in 2M HCl at different temperatures
were tested using profilometry. Figure 10 shows 3D images for coupon surfaces after having
been corroded at 25, 50, and 75 ◦C w/o or with tB-WPU or Armohib CI-28 under non-
stirring conditions.

Reduced surface roughness can be seen in systems with inhibitors. Surface images
show the drop in corrosion inhibition performance with increasing temperature. Generally,
it can be said that the inhibition efficiency reaches its maximum at room temperature.
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Figure 10. Surface topography of steel coupons.

3.6. Quantum–Chemical Calculations

Based on the data obtained from periodic DFT calculations, it can be concluded that
the mim− molecule is adsorbed on Fe (100) nearly parallelly (in horizontal orientation). As
seen from Table 6, bonding to the metal surface is provided mainly by carboxyl and amino
groups. Short Fe-O, Fe-N, and Fe-C distances clearly indicate the formation of chemical
bonds. The bond nature originates presumably from the interaction of molecule donor
groups with acceptor d-orbitals of Fe. This induces a shift of the iron d-band peak towards
the region of deeper electronic energies relative to the Fermi level (see Figure 11), which
additionally indicates the formation of binding states. Cyclohexane ring, -(CH2)2-O-CH2-
COOH and -(CH2)2-CH2OH-COO− tails are turned to solution bulk and do not directly
contact the metal surface (Figure 12), which additionally ensures the inhibiting properties
of the adsorbed mim− molecules on the iron surface.

Table 6. Bond lengths between Fe and O/N/C atoms forming chemical bonds in the adsorption of
mim− at Fe(100).

1 (See Figure 11) 2 (See Figure 11) 3 (See Figure 11)

carboxyl group in the ether fragment amino group carboxyl group in the ether fragment

r(Fe-O) = 1.95 Å–1.99 Å
(bridge position)

r(Fe-O) = 2.07Å
(distorted in the on-top position)

r(Fe-O) = 2 Å–2.114 Å
(distorted bridge position)

r(Fe-C) = 1.93 Å
(distorted hollow position)

r(Fe-O *) = 1.98 Å
(distorted on top position)−15 −10 −5 0 5 10

* O is a bridge atom in the –C–O–C–fragment (see Figure 11).
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Adsorption energy of mim− and NEt3H+ forming a monolayer on Fe(100) was initially
calculated for the gas phase (vacuum), see Table 7. The relevant value was found to be
quite high (−6.5 eV). On the other hand, the solvent environment significantly reduce this
quantity. We try to roughly address this effect further; more accurate estimations require
molecular dynamics simulations (see, for example, [55]). First, we should consider the
desorption of H2O molecules from the electrode surface. For the mim− molecule on Fe(100),
the number of water molecules desorbed amounts to about 10, which can be found in
Figure 12. Second, a partial dehydration of min− and NEt3H+ should also be considered:

∆Esolv
ads ≈ ∆Evac

ads +
1
2

∣∣∣∆Ghydr(mim−)
∣∣∣ +

1
2

∣∣∣∆Ghydr(NEt3H+)
∣∣∣+ nw∆Edes

H2O (9)

where the factor of 1/2 nearly considers reducing the hydration energy at the electrode
surface, as compared to the solution bulk.
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Table 7. Adsorption energy of the mim−· NEt3 H+ monolayer at Fe(100) from vacuum (∆Evac
ads ),

Gibbs hydration energies of mim− and NEt3H+ in solution bulk (∆Ghydr), number of desorbed water
molecules (nw), and desorption energy of a water molecule from the Fe(100) surface (∆Edes

H2O).

∆Evac
ads *, eV ∆Ghydr, eV nw ∆Edes

H2O, eV

−6.5 −2.92 (mim−)
−2.11 (NEt3H+) 10 0.4 **

* ∆Evac
ads = Etot(Me − mim−· NEt3 H+) − Etot(Me) − Etot(mim−· NEt3 H+) , where mim−· NEt3 H+ notes a

c(2 × 2) monolayer (Figure 13) without the Fe(100) substrate. ** Averaged value obtained from the recent DFT
calculations: 0.43 [70], 0.38 [71], and 0.39 [72]. All these works found the on-top position for a water molecule
adsorbed to be the most preferable.
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The adsorption energy from the aqueous solution was thus reduced drastically and
found to be −0.3 eV. Therefore, in our case, a reversible adsorption/desorption is expected.
Surprisingly, this estimate is in good agreement with the Gibbs adsorption energy obtained
experimentally (see Section 3.3). Note that, according to our calculations, on formation of a
contact mim− · NEt3H+ ionic pair (see Figure 12), Gibbs energy value was found to be +0.25
eV. Thus, an ionic associate mim− · NEt3H+ exists in the solution most likely as a couple
separated by solvent sheath.

Adsorption bond is often described in terms of an approach based on the analysis of
the frontier orbitals of a molecule and reactivity descriptors (see, for example, [70]). This
method, however, does not seem to work well in our case. Figure 14 shows that only
one frontier orbital (LUMO2) contributes to the active center (the carboxyl group of ether
fragment, see Table 2).

A deeper insight into the interplay between the adsorption of organic molecules and
various redox processes on the steel surface/electrolyte solution interface can be gained in
the framework approach discussed recently in work [73].
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4. Conclusions

A water-soluble polyurethane based on N-tert-butyl diethanolamine was studied to
inhibit CS corrosion in an acidic environment at temperatures ranging from 25 ◦C to 75 ◦C.
It was found by the gravimetric method and electrochemical studies that with an increase in
tB-WPU concentration, the inhibiting efficiency increases at all temperatures investigated;
this might be explained bearing in mind that temperature facilitates water desorption
and partial dehydration of the inhibitor molecule, as well as the monolayer formation.
However, an increase in temperature to 75 ◦C also leads to increasing the corrosion rate,
which weakens the inhibition effect. According to the change in corrosion potential (Ecorr)
in a pure solution and in a solution containing tB-WPU, the latter was found to be a mixed
inhibitor that simultaneously controls anode and cathode reactions.

The mechanistic picture of the inhibition looks as expected: adsorbed tB-WPU molecules
form a protecting (barrier) monolayer on the steel surface, which impedes the diffusion
transport of O2 and H2O molecules to the surface. The estimated activation energy makes it
possible to judge about the mechanism of tB-WPU adsorption. The effective concentration
and temperature range for tB-WPU were found to be 500 ppm and 25–50 ◦C. A simplified,
but robust model was proposed to describe the adsorption of inhibitor molecules from
aqueous solution at the Fe(100) surface. The DFT calculations provide a deeper insight
into the metal–adsorbate chemical bond and make it possible to estimate the adsorbate
geometry and main contributions to the adsorption energy.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en15051939/s1, Figure S1. Bode phase angle plots (a,c,e) and
Bode modulus plots (b,d,f) for CS in 2M HCl in the absence and presence of different concentrations
of tB-WPU inhibitor.
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