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ABSTRACT: Protection of mild steel from acidic solutions used
in the industry by environmentally friendly methods is an area of
need. This work explores the anticorrosive properties of
cetrimonium cinnamate compounds for mild steel in acid solutions
as an additive in solution and as a pigment in a low-volatility
organic compound (VOC) coating. Immersion tests show that
protection is considerably enhanced after 24 h, at pH 1 icorr for the
control being 330 μA/cm2 compared to 4.3 μA/cm2 for CTA-
MeOcinn, suggesting synergy between the cetrimonium cation and
cinnamate anion systems. NMR and cryo-transmission electron
microscopy (cryo-TEM) suggested entrapment of the cinnamate
within the cetrimonium micelles. This is further supported by
molecular dynamics (MD) simulations, which also show that the carboxylate groups on the cinnamate protrude from the
cetrimonium micelles, enhancing the attachment to the surface. The inhibitors are incorporated into waterborne polymeric coatings
and tested in solutions at pH 1. Electrochemical impedance spectroscopy (EIS) data show that the inhibitors form a protective
barrier, significantly increasing pore and charge transfer resistances for the coating, thus demonstrating the use of safe methods to
protect mild steel in acidic conditions.

■ INTRODUCTION
The use of corrosion inhibitors is one of the most effective and
inexpensive methods for mitigation of corrosion of metals and
alloys, and this is particularly important in acidic conditions.1−3

The most effective inhibitors historically used have often
proven to be toxic, such as nitrites or those containing heavy
metals like Pb(II,IV) and Cr VI; thus, there is a need for
effective, nontoxic inhibitors.

Inhibitors are an attractive option for reducing corrosion due
to their flexibility; they can be incorporated into paint coatings,
added to water tanks, or continuously fed into pipelines or
streams.4−6 As an additive to paint coatings, they can continue
to protect a surface even after the coating has been damaged by
leaching out at the site of damage. Paint coatings are another
area of environmental concern; most polymer coatings are
sourced from nonrenewable materials, contain volatile organic
compounds (VOCs), and are not readily broken down.
Considering that many coated materials are in contact with
natural environments (soil, aqueous, marine), their constitu-
ents (like VOCs) are destined to contribute significantly to the
uncontrolled growth of microplastic pollution.

Unfortunately, it is proving extremely difficult to replace
such inhibitor and coating systems with nontoxic counterparts
that show a comparable level of performance, particularly in

acidic conditions. In this study, the combination of a novel
nontoxic inhibitor system with a low VOC coating is
investigated to protect mild steel at low pH.

Conventional inhibitors are typically efficient for specific
environmental conditions;7 however, variations of temperature,
pH, humidity, and salinity are likely to be found in industrial
environments such as in the oil and chemical industry.
Therefore, the development of environmental friendly
compounds that could prevent the corrosion of mild steel in
different conditions is desired.2 An interesting approach is to
combine components with different inhibitory properties into a
single inhibitor compound for enhanced performance.7 In
previous works, we have studied the combination of
carboxylates with both rare earth metals and different organic
cationic inhibitors.8−10 For instance, lanthanum 4-hydrox-
ycinnamate has shown remarkable corrosion protection of mild
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steel in 0.01 NaCl in a pH range from 2.5 to 8, being more
effective at higher pH. The lower inhibition observed at acidic
pH was attributed to a poor synergy between lanthanum
chloride [LaCl4]− and 4-hydroxycinnamic acid.11 Following
that, Chong et al. showed that the same anion, hydrox-
ycinnamate, in combination with an imidazolinium cation can
inhibit mild steel corrosion over a wide range of pH.4 These
studies revealed that such inhibitor compounds can act by
suppressing both the anodic and cathodic reactions due to a
synergistic effect leading to a higher efficiency.7−9

The commonly used antimicrobial surfactant cetyltrimethy-
lammonium bromide (CTAB), also known as hexadecyl
trimethylammonium bromide, or simplified to cetrimonium
bromide, has previously been investigated as a corrosion
inhibitor in acidic conditions,12−14 showing promising
performance. Through comparing different halide counterions,
a mechanism of action is proposed whereby the halide is
attracted to the surface, to which the surfactant then bonds.
These surfactants are known to form micelles in solution, and
researchers have shown that smaller organic counterions, such
as salicylate, can be incorporated into the micelle structure and
that this structure can change with pH.15 Recently, this
behavior was used to combine the corrosion-inhibiting 4-
hydroxycinnamate anion (OHcinn) with the surface-active
counterion, hexadecyl trimethylammonium, or cetrimonium
(CTA) known for its biocidal16 as well as anticorrosive
properties in order to analyze if a synergistic behavior
combining both properties could be achieved.17 Results
showed that CTA-4OHcinn was 97.8% efficient in protecting
mild steel in saline solutions at neutral pH and prevented
biofilm formation in marine environments.18,19 Catubig and
co-workers reported that a mixture of cetrimonium 4-
hydroxycinnamate (Cet-4OHCin), with lanthanum 4-hydrox-
ycinnamate (La-4OHCin), could considerably decrease the
growth of bacteria strains implicated in microbially influenced
corrosion (MIC) and confer a similar corrosion inhibition to
that of La-4OHCin.20

Other studies revealed that the CTA-OHcinn forms micelles
that are susceptible to changes in morphology according to
concentration, environment pH, and the metal−electrolyte
interface, which consequently affects the anticorrosive proper-
ties.17,21,22 In addition, the nature of the cinnamate anion
greatly affects the inhibition mechanism. It was shown that
replacing the hydroxyl group of the anion with an ethoxy group

changes the micellization of the inhibitor. In the latter case, the
formation of elongated micelles was reported. The resulting
salt, cetrimonium 4-ethoxy-cinnamate, offered greater protec-
tion than CTA-OHcinn and lower toxicity against zebrafish
embryos.21 It is expected that the increase of the hydrophobic
alkyl chain length on the cinnamate anions decreases the
inhibitor solubility and potentially increases their corrosion
protection.23,24

Most of that work focused on neutral, chloride-contami-
nated aqueous solutions. Herein, the aim is to investigate the
corrosion protection of carboxylate anions with different alkyl
chain lengths (trans-4-hydroxycinnamate, trans-4-ethoxy-cin-
namate, and trans-4-butoxy-cinnamate) linked to the CTA
cation (Figure 1) in comparison with CTAB, in acid conditions
of pH 1 and 2, which are of importance in various industrial
applications, where a pH of 1 is around 5% HCl solution.1 The
effect of increasing chain length will likely affect the
hydrophobicity, and the effect of this on the structure in
solution and its subsequent protection are discussed.

The anticorrosive properties of the inhibitors in solution
were investigated by electrochemical analysis. The use of
waterborne coatings using materials is a way to reduce the
environmental impact of coatings; thus, here, the inhibitors
were blended with an acrylic polymeric binder obtained by
dispersion polymerization in a reduced VOC system. The
composite coatings were analyzed by electrochemical impe-
dance spectroscopy (EIS) under neutral and acidic saline
corrosive solutions. The behavior of these surfactant-like
inhibitors was also investigated in solution using transmission
electron microscopy (TEM) and NMR spectroscopy, together
with molecular dynamics (MD) simulations (in the case of
CTA-4BtOcinn), to investigate the nature of the micelles
under low pH conditions.

■ METHODS
Materials and Specimen Preparation. The inhibitors

are listed in Figure 1. The preparation method of these
compounds was reported in earlier works.17,21 For the coating
studies, methyl methacrylate (MMA) and n-butyl acrylate
(BA) (Quimidroga) were used as received. Methoxypoly-
ethylene glycol methacrylate, 50% in aqueous solution
(Visiomer MPEG 2005, Evonik), was used as an anionic
emulsifier in the dispersion polymerization reactions. 2′-
Azobis(2-methylbutyronitrile) (AMBN, Aldrich) was used as

Figure 1. Chemical structure of (a) hexadecyl trimethylammonium bromide trans-4-butoxy-cinnamate (CTA-OHcinn), (b) hexadecyl
trimethylammonium bromide trans-4-ethoxy-cinnamate (CTA-EtOcinn), and (c) hexadecyl trimethylammonium bromide trans-4-hydroxycinna-
mate (CTA-BtOcinn) inhibitors.
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a radical initiator. Distilled water and methanol (70 water:30
methanol) were used in the aqueous media in the reactions,
and Milli-Q water was used for the electrochemical tests. The
procedure for preparing the dispersion latexes was developed
previously,25 with a detailed description of the work reported
here in the Supporting Information. Mild steel substrates were
used for electrochemical tests of inhibitors in solution and for
the formation of dispersion latex films.

For the immersion and electrochemical tests of inhibitors in
solution, cylindrical coupons of AS1030 mild steel were
embedded in epoxy resin, leaving an exposed circular area of
0.786 cm2 (1 cm diameter). Before each experiment, the
exposed areas were polished with 240, 600, and 1200 grit
silicon carbide paper using a mechanical polisher with a
continuous flow of distilled water. Then, the samples were
dried with a nitrogen drying gun and placed in a silica gel
desiccator for 1 h prior to the tests. Solutions of 0.01 M NaCl,
with Milli-Q water, and 0.1 mM of each inhibitor were
prepared as well as a control solution with no inhibitors. A
solution of 0.1 mM CTAB and 0.01 M NaCl at pH 1 was also
prepared for comparison purposes. This concentration
corresponds to ppm values of 45, 48, 50, and 36 for CTA-
OHcinn, CTA-MeOcinn, CTA-ButOcinn, and CTAB, respec-
tively. To improve compound solubilities, the solutions were
heated to 40 °C with a magnetic stirrer. After cooling, the pH
of the solutions was adjusted to 2 or 1 with the addition of a
diluted solution of HCl. Solutions were stored at room
temperature and they remained clear, indicating that the
inhibitors stayed in solution.

Immersion Tests, Optical, and Scanning Electron
Microscopy (SEM) Analysis. Coupons were immersed in the
solutions of inhibitors for 24 h and then gently rinsed with
Milli-Q water, dried with a nitrogen drying gun, and placed in a
silica gel desiccator. Optical images were taken using a Leica
DMi8 microscope, and SEM images were performed using a
JEOL IT300. Some immersion tests were also carried out for 4
days in order to compare the performance of the inhibitors for
a longer period of time.

Potentiodynamic Polarization (PP) and Electrochem-
ical Impedance Spectroscopy (EIS). Electrochemical
measurements were performed at 25 °C using a low current
channel of a BIO-LOGIC VMP3 potentiostat with EC Lab
11.27 software. A conventional three-electrode cell was used,
composed of a saturated silver/silver chloride reference
electrode in saturated KCl, a titanium mesh as the counter
electrode, and AS1030 mild steel as the working electrode.

The open circuit voltage (OCV) was monitored for 47 min
over the frequency range from 100 kHz to 10 mHz, followed
by EIS at a scan rate of 0.167 mV/s with 6 points per decade
and a sinusoidal amplitude of 10 mV. Impedance responses
were monitored for 24 h, followed by a PP experiment.
Separate PP experiments were also performed after 30 min of
immersion, and all experiments were carried out in triplicate.

The corrosion current density (icorr) and corrosion potential
(Ecorr) values were extracted from the PP curves by Tafel
extrapolation. The linearity of the curves was found to be the
highest over a range of 10−25 mV at both sides of Ecorr. The
value of icorr corresponds to the point on the graph in which
the linear extrapolations of the anodic and cathodic sections of
the curves intersect. The inhibitor efficiency (IE) was
calculated as shown in eq 1.

= ×I I
I

IE 100corr control corr inhibited

corr control (1)

Cryo-TEM Imaging of Micelles. Solutions of 1 mM
cetrimonium cinnamate inhibitors in corrosive solutions of
0.01 M NaCl were prepared for cryo-TEM imaging. The
solution was contained in a holder coated with a negatively
charged carbon film. Copper grids (200 mesh) coated with a
holey carbon film (Quantifoil R1.2/1.3) were placed in a Pelco
glow discharge unit to render them hydrophilic. A sample
volume of 3.5 μL was applied onto the grids, which were then
blotted against two filter papers for 3 s at a blot force of −3 in a
Vitrobot plunge freezer system (FEI). The resulting thin
sample film was vitrified in a controlled environment
vitrification system at 5 °C and 100% relative humidity by
plunging the sample into liquid ethane, which was maintained
at its melting point (−160 °C) with liquid nitrogen. The
vitrified specimens were transferred to a Gatan 626 cryoholder
and observed at an operating voltage of 120 kV in a Tecnai 12
Transmission Electron Microscope (FEI) at temperatures
between −170 and −175 °C. Images were recorded with a
Gatan Eagle high-resolution charge-coupled device (CCD)
camera (4k × 4k) and digitized with the Tecnai Image
Acquisition (TIA) program.

Preparation of Coated Steel Substrates and EIS of
Coatings. After being polished to a 1200 grit finish, the steel
substrates were cleaned with acetone and dried with
compressed air before deposition of the dispersion latex with
or without inhibitor. The coated samples were dried at room
temperature for at least 1 day. The final thickness of the
coatings was measured with a coating thickness gauge to
ensure that the final film had an average thickness of 45−50
μm.

The properties of the coatings were evaluated (in triplicate)
by electrochemical impedance spectroscopy (EIS) over 24 h
using a low current channel of a BIO-LOGIC VMP3
potentiostat with EC Lab V11.26 software. The experiments
were carried out at room temperature and open to air, with a
cell composed of an Ag/AgCl reference electrode, AS1030
mild steel substrates as the working electrode, and a graphite
rod counter electrode. The tests were carried out using an
exposure area of 1.1 cm2 and a corrosive solution of 0.005 M
NaCl. The open circuit (OCV) was monitored for 47 min over
the frequency range from 100 kHz to 10 mHz followed by EIS
at a scan rate of 0.167 mV/s with 6 points per decade and a
sinusoidal amplitude of 10 mV. This measurement was
repeated hourly for 24 h.

Modeling Section. All-atom simulations were performed
using the CHARMM force field.26 Parameters for cetrimonium
and 4-butoxy cinnamic acid were obtained using CGenFF.27

The resulting charge distribution for cetrimonium and 4-
butoxy cinnamic acid is shown in Figure S-1. All the systems
were pre-equilibrated with an NVT and then an NpT ensemble
for at least 20 ns prior to the MD production. An annealing
process using the NVT ensemble was adopted to improve the
dynamics, where the system was heated from 300 to 400 K and
cooled from 400 to 300 K in the first 10 ns. The following 10
ns was run in an NpT ensemble at 300 K and 1 bar. The
temperature and pressure were controlled by using a Nose−́
Hoover thermostat and a Parrinello−Rahman barostat,
respectively. This method is similar to that previously
established for the cetrimonium system.22
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For the coarse-grained model, the Martini force field with
polarizable water was used.28 Parameters for cetrimonium were
taken from a previous study,29 and since there is no literature
reporting 4-butoxy cinnamic acid coarse-grained parameters,
bottom-up parametrization was performed, beginning from its
corresponding all-atom model. Bonded interactions were
validated by comparing distance and angle distribution
between the all-atom and coarse-grained models (Figure S-
2). Additionally, nonbonded interactions were validated by
comparing the energy profile of 4-butoxy cinnamic acid when
it migrates from water to octanol for the all-atom and coarse-
grained models (Figure S-3). Both models have similar
partition energies of around −27 kJ/mol. A summary of the
simulations with their respective composition and box

dimensions is given in Table S-1. All the simulations were
run in Gromacs 2020.3.30

■ RESULTS AND DISCUSSION
Electrochemical Analysis of Cetrimonium Cinnamate

Cationic Surfactants as Free Inhibitors. Representative
polarization curves obtained after 30 min and 24 h of
immersion of mild steel in solutions of 0.01 M NaCl in pH
1 and pH 2 in the absence (control) and in the presence of free
inhibitors are presented in Figure 2, and the data extracted
from the Tafel extrapolation are shown in Table 1. A
significant change in both anodic and cathodic currents can
be seen, with a general shift in Ecorr toward less negative values,
suggesting a slightly larger effect on the anodic reaction. A

Figure 2. Representative polarization curves after immersion of mild steel in 0.01 M NaCl and 0.1 mM inhibitors solutions: (a) pH 2 after 30 min,
(b) pH 1 after 30 min, (c) pH 2 after 24 h, and (d) pH 1 after 24 h.

Table 1. Corrosion Current Density (icorr), Corrosion Potential (Ecorr), Pitting Potential (Epit), and Inhibitor Efficiency (IE)
Extracted from the Polarization Curves Mild Steel Immersed Different Inhibitor Solutions

pH sample concentration (mM) time (h) icorr (μA/cm2) Ecorr (mV) Epit (mV) IE (%)

2 control 0 0.5 21.6 ± 1.2 −560 ± 6.2
0 24 25.7 ± 3.3 −562.8 ± 7

CTA-OHcinn 0.1 0.5 5.4 ± 1.2 −461.3 ± 3.4 75.0
0.1 24 1.9 ± 0.4 −504.6 ± 2.3 −364.5 ± 7.6 92.6

CTA-EtOcinn 0.1 0.5 3.6 ± 0.7 −462.0 ± 3.5 83.3
0.1 24 2.5 ± 0.4 −487.4 ± 5.8 −420.2 ± 3.3 90.3

CTA-BtOcinn 0.1 0.5 2.6 ± 0.2 −491.6 ± 1.5 −460 ± 2.4 87.8
0.1 24 3.3 ± 0.4 −529.9 ± 2.2 −425 ± 6 87.2

1 control 0 0.5 136.8 ± 20.7 −513.1 ± 2.7
0 24 329.7 −483

CTA-OHcinn 0.1 0.5 3.2 ± 0.7 −459.1 ± 12.6 −356.8 ± 2.9 97.6
0.1 24 4.8 ± 0.9 −521.1 ± 3.6 −348.5 ± 8.4 98.5

CTA-EtOcinn 0.1 0.5 6.0 ± 0.6 −469.3 ± 6.9 −341.7 ± 0.9 95.6
0.1 24 4.3 ± 0.4 −501.5 ± 4.0 −336.3 ± 11.1 98.7

CTA-BtOcinn 0.1 0.5 4.9 ± 1.6 −469.1 ± 6.1 −343.5 ± 12.3 96.4
0.1 24 6.2 ± 2.1 −519.9 ± 13.5 −330.5 ± 6.4 98.1

CTAB 0.1 0.5 7.6 −459.0 −332.9 94.4
0.1 24 12.9 −521.0 96.1
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reduction of corrosion current density (icorr) is observed in all
of the inhibitor-containing solutions after 30 min of
immersion, when compared to the control, from 21.6 μA/
cm2 for control to 5.4 μA/cm2 for CTA-4OHcinn, 3.6 μA/cm2

for CTA-4MeOcinn, and 2.6 μA/cm2 for CTA-4ButOcinn
indicating that the inhibitors can suppress the process of
dissolution of iron even at extreme acid conditions (Figure 2
and Table 1). Interestingly, comparing the corrosion current
densities from pH 2 to 1, those of the control increase by
almost an order of magnitude, while those of the inhibited
solutions barely increase at all. Under these conditions, the
results obtained for the solution of CTAB at pH 1 are larger
than all the inhibitors, but not significantly, particularly after 30
min (Figure 2b and Table 1). After 24 h at pH 1, the
differences increase, with icorr for the CTAB being 12.9 μA/cm2

compared to 4.8 μA/cm2 for CTA-4OHcinn, 4.3 μA/cm2 for
CTA-4MeOcinn, and 6.2 μA/cm2 for CTA-4ButOcinn. This
suggests that there is some synergy between the carboxylate
and the cetrimonium inhibitors after 24 h immersion.

After 24 h of immersion, Ecorr for all inhibitors moves to
more negative values, particularly at pH 1, which may be due
to increased cathodic protection with time. The data clearly
show consistent corrosion protection with time, with similar
icorr values at 30 min and 24 h, compared to the control, which
increases in solutions, but particularly so at pH 1, with an
increase from 137 to 330 μA/cm2.

Bode plots of impedance and phase angles obtained from
EIS measurements of the samples exposed to a corrosive
solution without and with inhibitors at pH 2 and 1 are shown

in Figures 3 and 4, respectively. The impedances of the
samples with inhibitors are considerably higher (103.2−103.5 |Z|
for pH 2 and 103.1−103.2 for pH 1) than those observed for the
control sample (maximum of 102.8 |Z| for pH 2 and maximum
of 101.2 |Z| for pH 1), which confirms the corrosion protection
given by these inhibitor compounds under harsh acidic
conditions. The same is observed with the phase angles,
being higher in the systems with inhibitors (maximum of
approximately 50° at pH 2 and 70° at pH 1) than in the
control systems (reaching a maximum of 30° at pH 2 and 20°
at pH 1).

At pH 1, the highest phase angle is found in the solution of
CTA-BtOcinn at 70° (Figure 4d) and the broader phase angle
is found in the sample with CTA-OHcinn (Figure 4b), which
can be an indication that this inhibitor is able to form a more
stable film on the metal surface. The impedance obtained for
the cetrimonium cinnamate surfactants at pH 1 (Figure 4a−d),
in all cases, is higher (103.1−103.2 |Z|) than that obtained for
the solution of CTAB (102.6−103.1 |Z|) (Figure 4e), confirming
the increase of efficiency when the carboxylate anion is also
present in the inhibitor compound. While the sample
immersed in CTAB initially showed similar impedance values
to the others, it was also the only one to significantly reduce,
showing its lowest value of 102.6 after 24 h, indicating that it
does not attach to the surface as strongly.

Optical and SEM Analysis of Samples Immersed in
Solutions of Inhibitors. Optical and SEM images of the
coupons after immersion for 24 h in the solutions are
presented in Figure 5. The control sample immersed in a saline

Figure 3. Bode plot and phase angle of inhibitors in solution at pH 2, (a) control, (b) CTA-OHcinn, (c) CTA-EtOcinn, and (d) CTA-BtOcinn.
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Figure 4. Bode plot and phase angle of inhibitors in solution at pH 1, (a) control, (b) CTA-OHcinn, (c) CTA-EtOcinn, (d) CTA-BtOcinn, and
(e) CTAB.

Figure 5. Optical images (left) and SEM images 5000× (right) of samples after 24 h of immersion in corrosive solutions with 0.1 mM of inhibitor.
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solution of pH 1 (Figure 5b) is significantly more corroded
than the one immersed at pH 2 (Figure 5a), which shows the
corrosive capacity of the solution at lower pH as indicated by
the significant increase in icorr. At pH 2, a significant amount of
pitting is observed on the sample surface, while at pH 1 part of
the material seems to be dissolved forming voids and holes on
the surface. However, the compounds immersed in the
inhibitor solutions showed only mild corrosion. The
anticorrosive protection given by the inhibitors to the mild
steel at pH 1 is highly efficient, especially when compared to
the control sample at the same pH, consistent with the
polarization and EIS results presented above (Figures 3 and 4).

To determine whether the slightly lower impedances seen
for CTAB than the cetrimonium cinnamates indicate less

protection from corrosion, the efficiency of the two surfactants
was compared by immersing coupons for 4 days in solutions of
0.1 mM CTAB and CTA-OHcinn at pH 1 (Figure 6). The
surface of the sample immersed in the solution of CTAB was
covered with stains, showing visible signs of localized
corrosion, while in contrast only mild signs of corrosion
were seen for the steel surface immersed in the acidic solution
containing CTA-OHcinn. This is consistent with the reduction
in impedance seen after 24 h for CTAB and confirms the
superior inhibition efficiency of cetrimonium cinnamate
compounds compared to CTAB alone.

Cryo-TEM Imaging of Micelles. The formation of
wormlike entangled micelles from CTA-OHcinn and CTA-
EtOcinn was previously reported at neutral pH values and

Figure 6. Optical images of samples immersed in a corrosive solution of 0.1 mM of inhibitor at pH 1 for 4 days: (a) CTAB and (b) CTA-OHcinn.

Figure 7. Cryo-TEM image solutions of 0.1 mM cetrimonium cinnamate proposed inhibitors with 0.1 M NaCl, at pH 2: CTA-OHcinn (a), CTA-
EtOcinn (c), and CTA-BtOcinn (e) and at pH 1: CTA-OHcinn (b), CTA-EtOcinn, and (d) CTA-BtOcinn (f).
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evidenced by both TEM and MD simulations.22 Therefore,
here, we also examined the micellar formation at low pH values
of pH 1 and 2 using cryo-TEM imaging of solutions containing
0.1 mM of each cetrimonium cinnamate. The obtained cryo-
TEM images are presented in Figure 7, and the observed
micelles are labeled with red circles for better visualization.
Spherical micelles are observed in all of the inhibitors at pH 1
and pH 2.

It is known that the shape of the formed micelles as well as
the efficiency of the inhibitor may change due to temperature,
inhibitor concentration, solution pH, and changes to the alkyl
tail on the cinnamate anion.17,22 It seems that larger micelles
are present in the solution at pH 1 than in pH 2 (Figure 7),

with the biggest micelles formed in the solution of CTA-
4BtOcinn (Figure 7f) at pH 1, which may be due to the longer
alkyl tail of the anion.

NMR Measurements. To further understand the corrosion
inhibition observed with the CTA-BtOcinn, the possible
micellar formation of this compound was explored by studying
the diffusion coefficients for each component in aqueous
solution as a function of concentration at pH 2 using pulsed-
field gradient nuclear magnetic resonance (PFG-NMR)
spectroscopy (Figure 8).

Figure 8a shows representative NMR spectra, from which
the cation peaks are clearly seen; however, no anion peaks
appear, and thus, anion diffusion could not be determined. The

Figure 8. (a) 1H NMR spectra of CTA-BtOcinn as a function of concentration and (b) 1H diffusion of CTA-BtOcinn as a function of
concentration; experiment setup: 0.01 M NaCl, 20 °C, pH 2.

Figure 9. (a) Simulation snapshot of the inhibitor micelle. Cetrimonium cations are hidden, and their shapes are represented by the gray
transparent color. The carboxyl and butoxy groups of 4-butoxy cinnamic acid are red and yellow, respectively. (b) Tight conformation of a
cetrimonium cation with five 4-butoxy cinnamic acid molecules. (c) Radial distribution functions taking as a reference the cetrimonium last carbon
tail for different molecular groups. (d) Predicted and experimental small-angle X-ray scattering (SAXS) data.
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peak at 4.8 ppm corresponds to D2O solvent; the peak around
3 ppm corresponds to H in the three methyl groups attached
to N; the peak around 1.2 ppm corresponds to H in the
methylene groups from the 3rd to the 15th C starting from N.
We postulate that the absence of the anion peaks may be
because the BtOcinn anions are encapsulated within the CTA
cation micelles and are effectively immobilized and cannot
diffuse fast enough to be seen in the pulsed field gradient. This
indicates significant anion entrapment and its strong
interactions (Coulombic and cation-π bonding) within the
micellar shell.30,31 On the other hand, it is likely that cations
are exchanging with the micelle and the solution and hence on
average are more diffusive and have narrower peaks. Figure 8b
shows the NMR diffusion data of CTA-BtOcinn as a function
of the concentration at room temperature. Given the absence
of the anion peaks in the spectra, only the cation and water
diffusion could be determined. The diffusion coefficient of the
CTA cation is significantly lower than the water solvent
diffusion, which suggests the presence of micelles. The
continuous decrease in diffusion up to 0.08 mM suggests
micellar growth, with solvent diffusion eventually remaining
constant.32,33 In previous works with CTA-OHcinn and CTA-
EtOcinn at neutral pH, the NMR data showed significant
concentration dependence at pH 7 with the diffusion for the
CTA cation decreasing from 4 × 10−10 cm2/s at 0.1 mM to 2 ×
10−11 cm2/s at 1 mM concentration.17,21 It was suggested that
an aromatic carboxylate anion can become incorporated within
the CTA surfactant cation micellar structure, and this
incorporation will affect the molecular packing factor that
determines micelle shape and sizes. In the previously reported
case, the micelle changed from spherical to cylindrical or
wormlike shape as the concentration increased. MD simu-
lations for the CTA-EtOcinn clearly showed wormlike micelles
forming in this case at pH 7, which was consistent with the
cryo-TEM data reported.

Here, we were unable to dissolve a high concentration of the
CTA-4BtOCin at low pH, and so the diffusion is only
measured up to 0.1 mM concentration where a value of 6 ×
10−10 cm2/s was measured, slightly higher than for the previous

cases. The absence altogether of the anion NMR peaks and
diffusion suggests that the micellar structure is different from
the wormlike micellar structure seen in our previous work,
consistent also with the TEM images shown above.

MD Simulations. To further investigate the structure of
the inhibitors in solution, MD simulations were conducted.
The all-atom model shows the self-assembly of cetrimonium
and 4-butoxy cinnamic acid, forming a spherical aggregate
(Figure 9a). On average, 4-butoxy cinnamic acid follows a
certain orientation within the micelle. The carboxyl groups
from the acid are closer to the cetrimonium amine groups on
the micelle surface, while the butoxy groups are closer to the
cetrimonium micelle core (Figure 9c). A similar orientation
was reported in modeling studies of other cinnamate
derivatives.21,22,29 Such a conformation of 4-butoxy cinnamic
acid in the micelle can be attributed to the localized negative
charge of the carboxyl groups (Figure S-1), which coordinate
with the positive amine groups from cetrimonium on the
micelle surface. Conversely, the butoxy group of the acid
prefers to stay within the micelle due to van der Waals
interactions with the cetrimonium tail. Previous studies on
similar micelles have shown that such an arrangement can
result in the amine group being attracted to the metal surface,
following which the carboxylate on the cinnamate forms
hydrogen bonds with the surface.22 Since CTAB does not have
any cinnamate present, it relies only on the interaction of the
amine group with the surface, thus explaining why it does not
protect the surface as well.

The tight packing of the 4-butoxy cinnamic acid within the
micelle (Figure 9b) is consistent with the NMR analysis of
cetrimonium 4-butoxy-cinnamate, where the diffusivity of the
surfactant and aromatic overlaps. Following that, the SAXS
curve was predicted from the simulation trajectory using the
WAXSiS server34 and compared with experimental data
(Figure 9d). In both cases, a similar shape is obtained,
consistent with a suspension of ellipsoidal aggregates.35

However, the minimum point of the experimental curve is
lower than the predicted one, which indicates that the model
underestimates the micelle size.

Figure 10. (a−c) Coarse-grained simulation snapshots of cetrimonium and 4-butoxy cinnamic acid micelles colored in gray and red, respectively, at
different concentrations. (d−f) Size distribution of micelles at different concentrations.
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Additionally, coarse-grained modeling was used to study the
effect of the inhibitor concentration on the micelle formation.
At all inhibitor concentrations, 10, 40, and 100 mM, spherical
micelles are formed, consistent with cryo-TEM imaging
(Figure 10a−c). It is also noticed that the micelle average
radius increases from around 1.75 to 2.3 nm with inhibitor
concentration (Figure 10c−e). The increase in micelle radius
with surfactant concentration was reported for dodecyl
trimethylammonium chloride (DTAC) using dynamic light
scattering.36 Such an increase in micelle size can be related to
enhanced corrosion protection at higher inhibitor concen-
trations due to better surface coverage and a thicker layer,17,18

as demonstrated experimentally.
Corrosion Protection of Cetrimonium Cinnamate

Inhibitors Blended in Polymer Coatings. To assess the
inhibitor performance in latex-based polymeric coatings, the
different cetrimonium cinnamate inhibitors were blended into
acrylic binders produced by dispersion polymerization. The
protection provided by the control film and by the films with
the inhibitor blended, after coated on steel, was analyzed by

EIS in neutral pH 7 (Figure S-4) and in acid solutions (Figure
11).

The Bode spectra of the control coatings in neutral pH
(Figure S-4) are characteristic of soft coatings that allow
diffusion of water, and it has no phase angle peaks at high
frequencies that are normally associated with a barrier
coating.37 Therefore, the control-dispersion coating offers no
significant anticorrosive protection to the bare steel substrate.
Higher impedances and phase angles are observed in the first
hour of analysis of the coatings with CTA-EtOcinn and CTA-
BtOcinn (Figure S-4) due to the anticorrosive properties of the
inhibitors in the films. Nevertheless, the inhibitors are not able
to maintain protection to the system at longer times. Since the
coating is highly permeable, the inhibitor may be washed out
of the coating (Figure S-4).

At pH 1, due to the higher concentration of ions in the
system, impedance values in the higher frequency range of the
Bode plot of the immersed samples are lower (Figure 11)
when compared to the data obtained under neutral conditions.
Higher impedances are seen for the coatings with inhibitor
(Figure 11b−d) when compared to the control (Figure 11a).

Figure 11. Bode plot and phase angle of coatings with inhibitors blended tested in a corrosive solution of 0.005 M NaCl and pH 1: (a) control, (b)
CTA-OHcinn, (c) CTA-EtOcinn, and (d) CTA-BtOcinn.

Table 2. Fitting Results for Dispersion Coatings after 24 h of Experiment at pH 1, with Inhibitors Blended

sample Rs (Ω) Ccoat (μF/sncoat) ncoat Rpore (Ω) Cdl (μF/sndl) ndl Rct (Ω) χ2/|Z|
Dp_control 53.07 24.42 0.8250 0.1319 24.83 0.8250 870 0.0055
Dp_CTA-OHcinn 77.10 40.36 0.7739 5828 11.17 0.9751 446.3 0.0069
Dp_CTA-EtOcinn 83.53 45.81 0.7830 3102 5.657 0.3000 1172 0.0064
Dp_CTA-BtOcinn 46.38 42.6 0.8529 1315 10.75 0.5442 1245 0.3381
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Contrary to what was seen in the system immersed at neutral
pH, the inhibitors here are able to retain higher impedance and
phase angle values for the duration of the 24 h experiment,
suggesting some potential for these compounds to be released
in acidic pH to protect the underlying metal.

The equivalent circuit (EC) typically employed in the
representation of coatings (Figure S-5) was used to fit the EIS
spectra of the control coating, and coating with the inhibitors
was blended at pH 1, after 24 h of the experiment.3,37 Rs
represents the solution resistance, Ccoat is the coating
capacitance, Rpore is the resistance in the pores of the coating,
Cdl represents the double-layer capacitance at the interface, and
Rct is the charge transfer resistance at the interface. The fitting
results are listed in Table 2.

The fitting results obtained for the experiments at pH 1
show that for the coatings with inhibitors blended within them
higher values of Ccoat compared to the control are measured.
Typically, a higher capacitance is related to poor inhibition
protection. However, the overall resistance is still higher
compared to the control test since the pore and charge transfer
resistances are considerably high in the inhibited samples. The
highest value is found in the coating with CTA-OHcinn. A
lower value of Cdl is observed in the coatings with inhibitors,
which is frequently associated with less corroded surfaces,38

while the values of Rpore and Rct increase with the addition of
the inhibitors. These increases in Rpore and Rct indicate that the
inhibitors are actively improving the protection by both
blocking pores and increasing the resistance at the coating/
metal interface, indicating that the inhibitors can provide
further protection to the surface.

■ CONCLUSIONS
With increasing restrictions on the chemicals that can be used
as corrosion inhibitors, the discovery of safe and effective
compounds that are effective for acidic conditions is of
growing importance. In this work, a range of three
cetrimonium cinnamate cationic surfactants (CTA-OHcinn,
CTA-EtOcinn, and CTA-BtOcinn) were studied as inhibitors
in solution, and all demonstrated an inhibition efficiency over
98% at pH 1. Longer-term immersion tests confirmed that the
cetrimonium cinnamate CTA-OHcinn showed significantly
less corrosion product than the halide anion containing the
cinnamate CTAB.

A mechanistic study of the CTA-BtOcinn was undertaken
using cryo-TEM, NMR, and MD simulations. Unlike our
previous works, these studies indicated that CTA-BtOcinn
only formed spherical micelles in the solutions tested. The
PFG-NMR data are consistent with the observations from
cryo-TEM imaging, which showed small spherical micelles
with an average diameter of 5 nm. Furthermore, MD
simulations illustrate the spherical micellar configuration and
aggregation at the molecular level. In acidic solutions (e.g., at
pH 1 or 2), the carboxylate is likely protonated, which impacts
the micellar behavior in solution. Additionally, the longer alkyl
chain on the BtOcinn anion increases the hydrophobicity, thus
reducing the solubility. These factors likely result in only
spherical micelles forming; however, they were able to form a
highly effective protective film on the surface. As reported in
our previous work,17,22 it is envisaged that the entrapped
anions are delivered to the metal surface via the micelles, where
the carboxyl group attaches to the surface, forming a protective
barrier on the steel surface and offering excellent corrosion
protection under acidic conditions. The bonding of the

carboxylate to the surface likely explains why CTA-OHcinn
showed better performance than CTAB in the 4 day
immersion at pH 1.

Preliminary results obtained from EIS tests of films formed
from the blend of those cetrimonium cinnamate inhibitors into
dispersion coatings in corrosive media of pH 7 and 1 strongly
suggest that the studied cetrimonium cinnamates are func-
tional for application as paint additives, being especially
efficient at lower pHs.
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