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Green Eugenol Oligomers as Corrosion Inhibitors for Carbon Steel in 1M HCl
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This study investigated the corrosion inhibition of polyeugenol on API P110 in 1 M HCl. Its 
monomer – eugenol – is obtained from clove and cinnamon, making the oligomer environmentally 
friendly. The influence of molecular weight and polymerization degree was evaluated by increasing the 
polymerization initiator/monomer ratio. This enabled the polymerization of three different oligomers 
(P10, P20 and P30), which were characterized by Fourier-transform infrared spectroscopy (FTIR), 
proton nuclear magnetic resonance (1H-NMR), thermogravimetric analysis (TGA/DTG), and size 
exclusion chromatography techniques. The inhibition performance of polyeugenol was determined 
by weight loss (WL) and electrochemical tests to assess the influence of structural differences. WL 
indicated that the oligomer with the lowest polymerization degree (P10) exhibited greater efficiency 
(82-84%) due to more uniform surface coverage. Electrochemical tests confirmed polyeugenol as a 
mixed inhibitor. Energy-dispersive X-ray spectroscopy (EDX) calculations indicated the presence of 
an organic layer covering the steel surface.

Keywords: Polymeric inhibitor, Weight loss, Green corrosion inhibitor, Electrochemical 
measurements.

1. Introduction
Corrosive processes affect the agricultural, civil construction, 

and oil and gas industries. In the oil and gas sector, carbon 
steel is widely used in transport pipelines, structures, and 
equipment. Since this material is subjected to corrosion, 
especially in acidic media, inhibitors are needed1-4.

The development of corrosion inhibitors focuses on 
certain structural characteristics of molecules that favor 
adsorption on the metallic surface. Desirable structures 
include heteroatoms (N, P, O and S), lone pairs of electrons, 
unsaturation and aromatic rings5-8. Conventional inhibitors 
(azoles and chrome-based) cause environmental and health 
problems9,10 and as a result, green corrosion inhibitors have 
garnered greater attention in recent years. These inhibitors 
should be easily available, low cost and exhibit high inhibition 
efficiency11,12. Green corrosion inhibitors have been developed 
from a variety of sources, including leaves11,13-15, seeds16-20, 
fruits21, flowers22, peel23-25 and residual biomass26.

Eugenol (4-allyl-2-methoxyphenol) is found in this 
eco-friendly context as the main component of clove 
leaves (74 wt.%), buds (50 wt.%) and cinnamon leaves 
(87.3 wt.%)27-29. This compound exhibits important antioxidant30, 
antibiotic31 and anti-inflammatory properties32, and has been 
successfully used as a corrosion inhibitor for steel in acidic 

media27. Besides, the cationic polymerization of eugenol 
has been studied due to the presence of an allyl group in 
the structure33-37. However, polyeugenol has yet to be used 
in the field of corrosion.

In the present study, three novel oligomers obtained 
from eugenol were synthesized by varying the initiator/
monomer ratio, and investigated as corrosion inhibitors for 
carbon steel in 1 M HCl. The oligomers were characterized 
by Fourier-transform infrared spectroscopy (FTIR), proton 
nuclear magnetic resonance (1H-NMR), thermogravimetric 
analysis (TGA/DTG), and size exclusion chromatography 
(SEC). Weight loss measurements, linear polarization 
resistance (LPR) and potentiodynamic polarization (PDP) 
were performed to evaluate corrosion inhibition efficiency. 
Steel surface morphology was analyzed by scanning electron 
microscopy with energy-dispersive X-ray spectroscopy 
(SEM-EDX) and contact angle measurement.

2. Experimental

2.1. Oligomer synthesis
The methodology used was adapted from the literature33 

and is shown in Figure 1. The chemicals were obtained from 
Sigma-Aldrich. Eugenol (30.00 g) was added to a round-
bottom flask under inert atmosphere (N2). The initiator 
(BF3.OEt2) was first added at room temperature using the *e-mail: luana_bf18@eq.ufrj.br
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following monomer-initiator ratios (Ri/m): 0.05, 0.10 and 
0.15 g-initiator/g-eugenol. The solution color changed from 
pale yellow into dark red/violet. Next, the same mass of 
initiator was added after one hour, totaling 0.10, 0.20 and 
0.30 g-initiator/g-eugenol. The reactions proceeded overnight, 
after which methanol (0.17 mL/g-eugenol) was added to 
each flask to stop polymerization. The products obtained 
(P10, P20 and P30) were then solubilized in chloroform 
(0.67 mL/g-eugenol).

2.2. Characterization

2.2.1. Fourier-transform infrared spectroscopy (FTIR)
The oligomers (P10, P20 and P30) were analyzed using 

a NICOLET 6700 Fourier Transform Infrared Spectrometer 
at 293 K. A total of 20 scans were performed from 4000 to 
400 cm-1, with a resolution of 4.00 cm-1.

2.2.2. Proton nuclear magnetic resonance (1H- NMR)
The oligomers (P10, P20 and P30) and eugenol were analyzed 

by 1H-NMR in a Varian Mercury VX 300 spectrometer. The 
sample (10-15 mg) was solubilized in 0.8 mL of deuterated 
chloroform (CIL 99.8% d) and analyzed at 313 K, with a 
total of 20 scans and 20 s between pulses (delay-d1), at an 
observation frequency of 299.99 MHz.

2.2.3. Thermogravimetric analysis (TGA/DTG)
The thermal stability of the oligomers was monitored 

by thermogravimetric analysis (TGA) and differential 
thermogravimetric analysis (DTG) on a PerkinElmer equipment 
model Pyris 1 TGA/DSC. The sample (10 mg) was weighed 
in a ceramic pan and subjected to a temperature range of 
298 to 998 K, with a heating rate of 10 K/min, under a N2 
flow of 30 mL/min.

2.2.4. Size exclusion chromatography (SEC)
Size exclusion chromatography was performed 

in a Prominence® UFLC Shimadzu chromatograph. 
Chloroform was used as eluent, at a rate of 1.0 mL/min, 
in two columns: Shin-pack SEC-803C (300 x 8.0 mm) 
and PhenogelTM 5 μm Linear (2) (300 x 7.8 mm), with 
exclusion limits of 7x104 and 1x107, respectively. The 
stationary phase in the columns consisted of spherical 

porous particles of styrene-divinylbenzene copolymers. 
After the samples were properly prepared for analysis, 
the analysis conditions were adjusted, being the 
temperature of 313 K in the columns and detectors, 
and flow of 1.0 mL/min. Monodisperse polystyrene 
standards were used for relative calibration. Finally, the 
0.1% concentration sample was injected and the data 
processed, allowing the obtaining of the parameters 
Mw, Mn and polydispersion.

2.3. Weight loss measurements
Coupons (10 mm x 20 mm x 5 mm, 3 mm central hole) 

were obtained from a carbon steel sample (API P110), with 
the following composition (wt. %): C, 0.280; Mn, 1.220; 
Si, 0.280; P, 0.016; S, 0.002; Ni, 0.010; Mo, 0.110; and 
Fe, 98.1. The specimens were prepared before and after 
immersion according to ASTM G3138. The 24-h tests were 
performed in duplicate. The effect of concentration (0.5, 
2.0, 3.5 and 5.0% v/v) was studied at 333 K and corrosion 
rates were calculated according to ASTM G3138, as shown 
in Equation 1.
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where K is a constant, Δm weight loss, A the surface area of 
the sample, ρ sample density and t immersion time. Inhibition 
efficiency (IEWL) was calculated according to Equation 2, 
where CR0 and CRinh are the corrosion rates in the absence 
and presence of the inhibitor, respectively.
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2.4. Electrochemical tests
Electrochemical tests were performed at room 

temperature, in a computer-controlled Autolab Potentiostat/
Galvanostat (PGSTAT302N), using NOVA 2.1 software for 
linear polarization resistance (LPR) and potentiodynamic 
polarization (PDP). A three-electrode cell was used, 
with the carbon steel sample (working electrode), a 

Figure 1. Synthetic route of eugenol oligomers using boron trifluoride etherate (BF3.OEt2) as initiator (R = g initiator/g eugenol).



3Green Eugenol Oligomers as Corrosion Inhibitors for Carbon Steel in 1M HCl

large-area platinum wire (counter electrode) and an Ag/
AgCl electrode (reference electrode). A salt bridge (KCl 
saturated) was used to isolate the Ag/AgCl electrode 
from the test solution, preserving the reference electrode. 
Before polarization, the open-circuit potential (OCP) was 
monitored for 50 min until it reached a steady-state. The 
cathodic and anodic polarization curves were obtained 
separately in duplicate, within a range of 250 mV around 
Ecorr (E = Ecorr ± 250 mV), at a scan rate of 0.333 mV s-1. 
The LPR curves were obtained in quadruplicate, at a 
scan rate of 0.333 mV s-1 and within a range of 15 mV 
around Ecorr (E = Ecorr ± 15 mV). This very low scan rate 
is typically applied and widely reported in the literature, 
and was adopted in order to clearly observe the reaction 
stages39,40. The inhibiting efficiencies obtained from PDP 
and LPR were calculated according to Equations 3 and 
4, respectively.
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where parameter R is polarization resistance, and Icorr corrosion 
current density. The subscripts “inh” and “0” refer to the 
presence and absence of the inhibitor, respectively.

2.5. Scanning electron microscopy with energy-
dispersive X-ray spectroscopy (SEM-EDX)

The API P110 carbon steel coupons submitted to 24-h 
immersion testing in 1 M HCl at 333 K, in the presence 
and absence of the corrosion inhibitor (P10) at 3.5% v/v, 
were analyzed by SEM-EDX using a Hitachi TM 3030 
Plus instrument.

2.6. Contact angle
The contact angle of 2.5 µL water droplets on API P110 

samples after corrosion tests with and without inhibitor (P10, 
3.5% v/v) were analyzed by a Ossila Limited Contact Angle 
Goniometer (L2004A1). The measurements were made in 
duplicates, where the standard deviation was calculated.

3. Results and Discussion

3.1. Oligomer characterization

3.1.1. Fourier-transform infrared spectroscopy (FTIR)
The infrared spectra of eugenol and the oligomers 

(P10, P20 and P30) are shown in Figure 2. In Figure 2a-d, 
aromatic hydrogen stretching is related to the band at 
1514 cm-1 (region 1), while the bands around 2850 cm-1 are 
associated with Csp3-H stretching of aromatic rings41,42. Bands 
attributed to in-plane C-H aromatic angular deformation 
(1050-1100 cm-1)43, and out-of-plane aromatic C-H angular 
deformation (720-880 cm-1)44 are also present. The bands at 
1268-1272 cm-1 (region 2) and 991-996 cm-1 (region 3) confirm 
the presence of vinylic hydrogen. Eugenol polymerization is 
validated by the decline in band intensity around 995 cm-1, 
related to allyl groups of the monomer33. In Figure 2b-d, the 
intensity of these bands decreases as the initiator/monomer 
ratio (Ri/m) rises, confirming oligomer synthesis and improved 
reaction conversion.

3.1.2. Proton nuclear magnetic resonance (1H-NMR)
Structural analyses of eugenol and its oligomers (P10, 

P20 and P30) by 1H-NMR are observed in Figure 3. The 
chemical shifts at 0.90-1.57 ppm represent methyl hydrogen 
and the peaks at 2.61-2.88 ppm the –CH– hydrogen present 
in P10, P20 and P30, but absent in eugenol45. Both the methyl 
and –CH– signals increased with the initiator/monomer 

Figure 2. FTIR spectra: (a) eugenol, (b) P10, (c) P20, and (d) P30.



Furtado et al.4 Materials Research

ratio (Ri/m), suggesting a greater degree of polymerization. 
The presence of vinylic hydrogen was evident in the form 
of chemical shifts at 5.04-5.11 and 5.90-6.02 ppm45, which 
decline with a rise in Ri/m, thereby confirming polymerization. 
The reaction conversions can also be estimated by the ratio 
between the areas under the vinylic hydrogen signals for 
eugenol and the respective oligomer. The polymerization 
conversions were 72.3, 91.7 and 98.1% for P10, P20 and 
P30, respectively.

3.1.3. Thermogravimetric analysis (TGA/DTG)
The thermal analyses of the oligomers (P10, P20 and 

P30) are presented in Figure 4 (thermogravimetric analysis 
– TGA; derivative thermogravimetry - DTG). Water content 
is lower than 1.5%, evident at around 373 K. Residual 
mass increases with a rise in initiator concentration. P30 
exhibits the highest residual mass, possibly due to its higher 
polymerization degree, leading to more thermally stable 
rearranged structures under the analysis conditions.

There are three main exothermic events, at 414-438, 
521-533 and 629-637 K (Tonset). The first corresponds to 
evaporation of free eugenol, side chains and low molecular 
weight substances and the second suggests the degradation 
of encapsulated non-reacted eugenol46,47. The intensity of this 
event declines when the initiator/monomer ratio increases, 
due to the higher degree of polymerization. As such, P10 
shows a more intense event in Figure 4b, and P30 a less 
significant event. This corroborates the reaction conversion, 

Figure 3. 1H-NMR spectra of (a) eugenol, (b) P10, (c) P20, and (d) P30.

Figure 4. Thermal analyses of P10, P20 and P30: (a) TGA, and 
(b) DTG.
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indicated by the decreasing amount of non-reacted eugenol, 
and confirms the FTIR and 1H-NMR analyses.

The most intense event, observed at 629-637 K, is 
attributed to the degradation of the polymeric chain. The 
results indicate that polyeugenol is more thermally stable 
(629-637 K) than pure eugenol, which is reported to degrade 
between 320 and 470 K46,47. This greater thermal stability is 
of special interest because it enables polyeugenol to be used 
in corrosion inhibition applications at higher temperatures.

3.1.4. Size exclusion chromatography (SEC)
The size exclusion chromatography results are summarized 

in Table 1. In SEC, number-average molecular weight (Mn) 
and weight-average molecular weight (Mw) can be determined 
simultaneously. In addition, the Mw/Mn ratio is used to 
calculate the polydispersity index (PDI), an indicator of 
molecular weight distribution. Mn and Mw can be calculated 
using Equations 5 and 648:
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where Ni is the number of polymer molecules and Mi the 
molecular weight. According to Equation 5, Mn is the simple 
arithmetic mean, which is sensitive to the presence of low 
molecular weight compounds and Mw the weight-average 
molecular weight, sensitive to the presence of high molecular 
weight compounds48,49.

Mw increases with a rise in the initiator/monomer ratio. 
However, the behavior of the polydispersity index (PDI) 
shows a maximum value of 1.89 for P20, suggesting a 

more heterogenic polymeric chain, followed by P30 and 
P10, respectively.

3.2. Weight loss measurements
Figures 5a and 5b show the corrosion rates and inhibition 

efficiencies for P10, P20 and P30 at 333 K. The significant 
decrease in the corrosion rate (CR) for the systems containing 
the oligomers confirms the inhibitory ability of the synthesized 
inhibitors.

The concentration effect was similar for all the 
oligomers. From 0.5 to 2.0% v/v, reductions of 17.00, 20.81 
and 16.00% of CR were observed for P10, P20 and P30, 
respectively. However, an additional concentration increase 
(2.0 to 5.0% v/v) showed only a minor contribution to the 
decline in CRs, which were in the same order of magnitude 
considering the standard deviation. The coefficient of 
variation (CV) was calculated to assess reproducibility, with 
low CV values indicating greater experimental precision for 
a certain parameter. The CV was calculated using the CR 
values of the replica, with all the CVs below 15%, which is 
considered acceptable50,51. Thus, the optimum concentration 
for all oligomers is 2.0% v/v (Table 2).

The compound with the lowest polymerization 
degree, P10, exhibited the highest inhibition efficiency at 
all concentrations. P30 (highest polymerization degree) 
displayed intermediate efficiency in relation to P10 and 
P20, at 0.5% v/v. However, at higher concentrations, P30 
and P20 exhibited similar inhibition efficiency (considering 
standard deviation). This can be attributed to the higher 
polymerization degree of these two oligomers, likely 
causing steric effects between the molecules in the bulk 
solution and hampering diffusion. These effects interfere 
in the adsorption to the substrate. Both of these oligomers 
exhibit similar effects at higher concentrations, when their 

Figure 5. Effect of concentration on the corrosion rate (a) and inhibition efficiency (b) of P10, P20 and P30 in HCl 1M at 333 K.

Table 1. Size exclusion chromatography results obtained for oligomers P10, P20 and P30: Mn, Mw, degree of polymerization and PDI.

Oligomer Initiator (g)/
monomer (g) Mn Mw

Degree of 
polymerization PDI

P10 0.10 416 743 4.5 1.78
P20 0.20 466 885 5.4 1.89
P30 0.30 504 930 5.7 1.84
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effects are magnified. In fact, Chamovska et al.52 reported 
that polydispersity affects adsorption, and adsorption rates 
are much slower as polydispersity increases. Therefore, P10 
performed better due to its lower polydispersion, associated 
with molecules that have a lower molecular size, since it 
showed the lowest MW of all three oligomers assessed. 
These two factors contribute to a small more uniform and 
molecular structure (lower PDI), allowing easier adsorption 
onto the metallic substrate and promoting better surface 
coverage. Besides, this structure information about P10 
indicates that it might have higher mobility, corroborating 
the lowest corrosion rate in weight loss measurements. This 
mobility is associated with lower number of aromatic rings 
in the polymeric structure, resulting in efficient and more 
uniform coverage of the metallic surface.

The aromatic structure of polyeugenol is subject to steric 
and stiffness effects even in the presence of a small number 
of repeating units. This is specially noticed when comparing 
P10 to P20/P30 in the weight loss measurements (Table 1).

Chaieb et al.27 studied eugenol and acetyl-eugenol as 
corrosion inhibitor for steel in 1 M HCl, reporting weight 
loss efficiencies at 298 K, after 1 h immersion, of 57 and 
64%, respectively. At 328 K, the efficiencies increase to 
78 and 87%, respectively. Among the eugenol oligomers 
synthesized in this work, the best performance was obtained 
for P10, exhibiting 84% after 24 h immersion at 333 K. 
Comparing the results, it can be observed that P10 shows 
efficiencies between eugenol and acetyl-eugenol. However, it 
is important to mention that Chaieb et al.27 results are at 1 h 
immersion, while this work reports results at 24 h immersion. 
Therefore, the steel coupon is in the presence of the acidic 
solution for longer time and P10 is able to maintain the 
protection. In this sense, comparing the published results 
in literature with the obtained oligomers, P10 exhibited 
better protection than eugenol. Also, the ability to inhibit 
corrosion for longer exposure time is highly desirable for 
industrial applications which highlights the importance 
of the polymerization strategy to enhance the monomer 
protection. Thus, the selective oligomerization of eugenol is 
a good strategy for the production of tailor made molecules 
with greater corrosion inhibition potential in relation to the 
eugenol molecule and its possible derivatives.

3.2.1. Effect of concentration

The adsorption isotherms (Langmuir, Temkin, Frumkin 
and El-Awady) were calculated according to Equations 7-10, 
respectively, where C is the oligomer concentration, 𝐾𝑎𝑑𝑠 the 
adsorption constant, g represents lateral interactions between 
the molecules and θ is surface coverage53,54.
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The variation in standard Gibbs free energy for adsorption 
(ΔG0

ads) was calculated using Equation 11, where R is the 
ideal gas constant (8.314 J·mol−1·K−1), T the temperature in 
K, and 55.5 the water content in mol·L-1.
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The parameters (Table 3) were calculated based on weight 
loss measurements. The Langmuir isotherm provided the 
best fit (Figure 6). According to this model, the adsorption of 
molecules can be represented by an inhibitor monolayer on 
the metallic surface, in which adsorption sites have equivalent 
energy level and electronic affinity, and the adjacent adsorbed 
molecules are supposedly free from steric effects or lateral 
interactions55. High 𝐾𝑎𝑑𝑠 values indicate better interaction 
between the molecules and substrate, and low 𝐾𝑎𝑑𝑠 values 
suggest weak interactions, enabling easy removal by solvent 
molecules56,57. Although P10 obtained the lowest CR, P30 
exhibited the strongest adsorption, followed by P10. P30 
has a greater degree of polymerization than P10, resulting 
in a non-continuous film on the substrate and leading to a 
higher CR. However, P30 has a higher Mw, indicating more 

Table 2. Weight loss data for P10, P20 and P30 in HCl 1M at 333 K.

Inhibitor Concentration (%v/v) Corrosion rate (mm/y) Inhibition efficiency (%)
Blank 0.0 69.98±4.38 -

P10

0.5 15.70±0.84 77.24±0.99
2.0 13.03±1.22 81.11±1.50
3.5 11.82±1.20 82.86±1.52
5.0 10.82±1.34 84.32±1.64

P20

0.5 21.33±0.24 69.08±0.25
2.0 16.89±0.73 75.51±0.84
3.5 15.18±1.34 78.00±1.59
5.0 15.46±0.94 77.59±1.12

P30

0.5 19.56±1.04 71.65±1.13
2.0 16.43±0.91 76.18±1.05
3.5 14.01±0.40 79.69±0.49
5.0 15.23±0.83 77.92±0.98
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stable highly structured molecules with a stronger adsorption 
force, supporting its higher Kads.

Negative ΔG0
ads values demonstrate spontaneous adsorption, 

as observed in Table 2. For |ΔGads| less than 20 kJ·mol−1, 
adsorption is defined as physisorption, > 40 kJ·mol−1 as 
chemisorption, and between 20 < |ΔGads| < 40 kJ·mol−1, both 
physisorption and chemisorption3,12,58. Physical and chemical 
adsorption were observed for all the oligomers.

3.2.2. Effect of temperature
The Arrhenius equation (Equation 12) relates the CR to the 

apparent activation energy of dissolution in steel (𝐸𝑎), where 

𝑅 is the universal constant of ideal gases (8.314 J/mol K), T 
the absolute temperature and 𝐴 the pre-exponential factor.

log     
2.303

aECR log A
RT

−
= +   (12)

The 𝐸𝑎 values were obtained for each oligomer via linear 
adjustments of the data (Table 4 and Figure 7). All the 
quadratic regression coefficients (R2) were above 0.98, 
indicating that the corrosion mechanism can be precisely 
explained by the Arrhenius kinetic model.

The 𝐸𝑎 value in the absence and presence of corrosion 
inhibitors provides information on the inhibitory mechanism. 

Table 3. Langmuir, Temkin, El-Awady and Frumkin coefficients of determination (R2), slopes and 𝐾𝑎𝑑𝑠 for P10, P20 and P30 at 333 K.

Inhibitor
Langmuir Temkin El Awady Frumkin

Kads  
(L mg-1) R2 Slope -ΔGads  

(kJ mol-1) R2 Slope R2 Slope R2 Slope

P10 11.2360 0.9998 1.1737 25.8193 0.9950 -13.8020 0.9880 0.1941 0.9974 17.146
P20 10.7991 0.9999 1.2667 25.7095 0.9531 -9.8443 0.9598 0.2057 0.9709 12.6750
P30 15.6986 0.9994 1.2615 26.7452 0.8685 -11.3630 0.8631 0.1724 0.9145 14.300

Figure 6. Langmuir adsorption isotherm for P10, P20 and P30 at 333 K.

Figure 7. Arrhenius plots for API P110 carbon steel in 1 M HCl in the absence and presence of the inhibitors (3.5%v/v).
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Previous studies56,59-61 related chemical and physical adsorption 
to temperature effects. The 𝐸𝑎 value obtained in the absence 
of inhibitors is a reference value for inhibited systems. 
When efficiency declines with a rise in temperature, the 𝐸𝑎 
value is higher for inhibited systems, indicating coulombic 
or physical adsorption, while chemical adsorption occurs 
when efficiency increases with temperature, and 𝐸𝑎 is lower 
for the inhibited system. The Ea value of API P110 steel in 
1 M HCl, without corrosion inhibitors, was 64.51 kJ/mol, 
corroborating previous studies62-65.

Apparent activation energy values for the oligomers at 
3.5% v/v were very similar and lower than the 𝐸𝑎 value of 
the blank. Since these values are lower, but pretty close to 
the blank, the adsorption mechanism can be characterized as 
chemical and physical, as demonstrated by the isotherm model.

3.3. Electrochemical measurements

3.3.1. Open circuit potential (OCP) measurements
OCP was monitored in the presence and absence of the 

oligomers (P10, P20 and P30) (Figure 8). It should be noted 

that only 2.0% v/v was studied in the electrochemical tests, 
since the WL measurements indicated that this is the optimal 
concentration for all inhibitors. In general, the presence of a 
corrosion inhibitor shifted the EOCP in the anodic direction, i.e. 
more noble potentials, suggesting surface protection against 
the acidic media66-68. The corrosion potential stabilized after 
50 min for all the inhibitors, indicating the formation of a 
stable film over the surface. Overall, the highest EOCP was 
recorded for P10 and may be related to its lower molecular 
size and major mobility, favoring film formation.

3.3.2. Linear polarization resistance (LPR) 
measurements

The relation between electrochemical potential and current 
density is shown in Figure 9. Linear polarization resistance is 
an efficient nondestructive method for determining the real-
time corrosion rate because it scans a reduced range around 
the corrosion potential. The ±15 mV interval is within the 
limits for icorr and E and allows subsequent measurements 
because it does not significantly or permanently interfere 
in corrosion69.

Polarization resistance (Rp) is determined by the angular 
coefficient of the linear interpolation of data. All interpolations 
resulted in an R2 of at least 0.9959, and the standard deviation 
percentage in relation to the arithmetic mean of replica Rp was 
below 14.27%, indicating good reproducibility50,51. Inhibitor 

Figure 8. OCP for API P110 carbon steel coupons in the absence 
and presence of P10, P20 and P30 (2.0% v/v) at 298 K.

Table 4. Ea values for API P110 carbon steel in 1 M HCl for the 
inhibited and non-inhibited systems (3.5% (v/v)).

Test Ea (kJ mol-1) R2

Blank 55.31 0.9888
P10 49.94 0.9937
P20 50.56 0.9965
P30 54.53 0.9995

Figure 9. Linear polarization resistance curves for immersed API 
P110 carbon steel coupons in the absence and presence of P10, P20 
and P30 (2.0% v/v), at 303 K.

Table 5. Electrochemical parameters for API P110 carbon steel in the absence and presence of P10, P20 and P30 (2.0% v/v) in 1 M HCl 
at 303 K.

Oligomer

LPR PDP

Rp  
(Ω cm-2)

Standard 
deviation 

(%)
R2 IELPR  

(%)
Ecorr (mV)

|βc|  
(mV/dec)

βa  
(mV/dec)

Icorr  
(µA/cm2)

IEPDP  
(%)

Blank 38.78 8.83 0.9999 - 504.30 48.5 20.28 42.52 -
P10 102.67 9.64 0.9971 62.23 458.46 25.67 21.62 10.98 74.18
P20 87.90 4.85 0.9960 55.88 464.92 37.34 15.21 13.48 68.30
P30 67.06 6.39 0.9967 42.18 468.85 33.20 14.48 13.79 67.57
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efficiency (IELPR) was calculated using Equation 4. When 
compared to the blank, angular coefficients were higher for 
all the conditions assessed, demonstrating that the oligomers 
protected the metallic surface from corrosion.

The polarization resistance and inhibition efficiency 
values are summarized in Table 5. Oligomer P10 exhibited 
the highest Rp at all concentrations, followed by P20 and 
P30. Additionally, P10 achieved the best results in terms of 
weight loss and electrochemical testing, indicating that a lower 
degree of polymerization leads to better surface coverage. 
The greater size and rigidity of P30 (higher Mw) resulted in 
lower diffusion towards the metallic surface in the liquid phase 
at a lower temperature (298 K when compared to 333 K of 
the WL measurements). This explains that P20 is better able 
to approach the metallic surface at the low temperature and 
exposure time of the electrochemical tests when compared 
to P3026. Therefore, the mobility is associated with lower 
molecular volume of the polymeric structure, resulting in 
more efficient coverage of the metallic surface and higher 
inhibition efficiencies.

It is important to underscore that the lower inhibition 
efficiencies achieved in electrochemical tests when compared 
to weight loss measurements is related to the temperature 
of the tests. The hypothesis that can be generated to explain 
this observation is as follows: since electrochemical tests 
were performed at 303 K, the mobility (diffusion) of the 
macromolecules was insufficient to achieve complete surface 
coverage, while the weight loss measures at 333 K lead to 
a probable better performance at higher temperatures. This 

efficiency increase can be observed by the following weight 
loss efficiencies of P10 from 313 to 333 K at 2.0%v/v: 59.33% 
(313 K), 76.21% (323 K) and 81.11% (333 K).

3.3.3. Potentiodynamic polarization (PDP) 
measurements

Anodic and cathodic curves for the three oligomers 
(P10, P20 and P30) are depicted in Figure 10 and Table 5. 
Inhibition efficiency (IEPDP) was calculated by Equation 3. In 
the present study, the Tafel extrapolation method was applied 
to obtain corrosion rates for activated-controlled processes. 
Accurate use of Tafel extrapolation requires that the interval 
considered be at least 50-100 mV from the corrosion potential 
and at least one of the branches should exhibit linearity on 
the semilogarithmic scale over a minimum of one decade 
of current density70.

According to Figure 10, addition of the inhibitor affected 
the corrosion reactions for all three inhibiting solutions (P10, 
P20 and P30), more specifically the anodic branch, which is 
more linear in the presence of P20 and P30. It can be seen 
that the anodic and cathodic curves for the blank test are 
more polarized than in the presence of the inhibitors, this 
observation being more evident in the cathodic branch. As 
can be seen in Figure 8, the OCP curve of the blank shows 
a certain potential variation over the 50 min of immersion, 
which is associated with the formation of corrosion products 
on the metallic surface. Such a layer of corrosion products 
conferred some protection to the specimen, as observed by 
both anodic and cathodic current densities. However, when 

Figure 10. Potentiodynamic polarization curves for immersed API P110 carbon steel coupons in the absence and presence of P10, P20 
and P30 at 303 K (a); anodic branches (b) and cathodic branches (c).
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comparing such current densities with tests in the presence of 
inhibitors, it should be kept in mind that Table 2 shows that 
the protection provided by the inhibitors is undeniable, given 
that the corrosion rate of the blank is higher (69.98 mm/y), 
for example, than P10 5.0%v/v (10.82 mm/y). In this sense, 
the explanation for the anodic and cathodic current densities 
of the inhibitor tests being higher than the blank lies in the 
fact that the electrochemical test time was 50 minutes, less 
than the mass loss (24 h), not having been sufficient to form 
the proper coating on the metal surface, and not a blank-like 
oxide layer. Possibly, if the tests were performed at longer 
times, the protective layer of inhibitor would promote a 
continuous and more efficient covering of the surface, 
observing behavior closer to that verified in the loss of mass, 
with current displacements greater than the blank, not only 
in the OCP as well as polarization region.

P10 exhibited the lowest Icorr and, consequently, the 
greatest inhibition efficiency, which is consistent with 
LPR and weight loss measurements. A corrosion inhibitor 
is mixed if its presence shifts the open circuit potential to 
between -85 and +85 mV in relation to the blank66-68. Since 
the maximum shift between the corrosion potential of the 
blank and in the presence of the inhibitors was 45 mV, they 
can be classified as mixed-type. Moreover, the anodic and 
cathodic branches showed similar curves with and without 
the inhibitors, indicating that the corrosion mechanism 
remained unchanged71-73. In this sense, the oligomers are 

mixed type adsorption inhibitors, which limit the HCl 
access to the metal surface, so reducing the corrosion rate. 
The adsorption on both anodic and cathodic sites may occur 
through the aromatic rings, which are high electron density 
centers that interact with the metallic surface.

3.4. SEM-EDX
The carbon steel surfaces with and without the inhibitor 

were analyzed by scanning electron microscopy (SEM) and 
their compositions obtained by energy-dispersive X-ray 
spectroscopy (EDX). The surface morphologies are shown 
in Figure 11 and chemical composition in Table 6.

When compared to the API P110 coupon with P10 
(Figure 11b.1), the inhibitor-free sample surface is rougher 
and non-uniform (Figure 11a.1), while the steel surface in 
Figure 11b.1) is considerably smoother and more uniform, 
demonstrating that the inhibitor film adsorbed onto the 
surface and protected the coupon from the corrosive process.

The presence of the inhibiting film was also evident in 
EDS analysis (Table 6). In order to understand the increase 
in the amount of oxygen and carbon on the metallic surface, 
associated with adsorption of the inhibitor molecules, the C/
Fe and O/Fe ratios were calculated. The surface without the 
inhibitor (Figure 11a.2) consisted mainly of iron (90.55%-wt), 
representing carbon steel, with C/Fe and O/Fe ratios23,26,74 
of 7.74 and 2.69%, respectively. In inhibited systems these 

Figure 11. SEM and EDX of API P110 carbon steel after the 24-h immersion test in 1 M HCl at 333 K, without (a.1-a.2) and with 3.5% 
v/v of P10 (b.1-b.2).
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values increased to 243.96 and 66.19% (Table 6), respectively, 
indicating adsorption of the corrosion inhibitor onto the 
metallic surface.

3.5. Contact angle
Figure 12 shows the contact angles of coupon surfaces 

with and without the inhibitor (P10, 3.5% v/v). After the 24-h 
immersion test, the contact angle of the uninhibited coupon 
was 117.4±4.2°, decreasing to 87.9±5.1° without it. An increase 
in the contact angle would be expected in the presence of 
an inhibiting film, characterizing greater hydrophobicity, as 
reported in the literature75,76. This reduction in the angle may 
be related to the adsorption of hydrophilic compounds, such 
as hydroxyl groups, in the most superficial film layer, favoring 
water bonding and decreasing hydrophobicity. As such, this 
technique is indicative of how the inhibiting structure adsorbs 
onto the metallic surface. The greater tendency observed in 
literature was not detected here, demonstrating the influence 
of the chemical nature of the inhibiting film adsorbed onto 
the metallic surface. Besides, another explanation based on 
the rugosity is related to the formation of air pockets in the 
micro-cracks present in the metallic surface more attacked 
by the acid solution in the absence of inhibitor, according to 
Cassie and Baxter model77. Thus, the non-inhibited system 
presents a greater presence of roughness and, consequently, a 
greater presence of cracks, which leads to a greater formation 
of air pockets and a greater apparent contact angle than the 
inhibited system.

4. Conclusion
This article studied the synthesis of a novel green corrosion 

inhibitor obtained from eugenol polymerization for API P110 
carbon steel. In order to evaluate the influence of the initiator/
monomer ratio on corrosion inhibition, three synthesized 
oligomers (0.10, 0.20 and 0.30 g-initiator/monomer – P10, 
P20 and P30) were characterized by FTIR, 1H-NMR, TGA/
DTG and SEC, which confirmed the polymerization reaction.

The electrochemical tests confirmed that the oligomers act 
as mixed inhibitors at an optimal concentration of 2.0% v/v, 
adsorbing on both anodic and cathodic sites. The difference 
in inhibition efficiency between P20 and P30 observed via 
LPR and PDP tests was explained based on SEC analysis, 
which indicated that P20 performed better than P30 due to 
structures with a lower molecular weight.

High-mobility oligomers, such as P10, exhibit the lowest 
corrosion rate in weight loss measurements. This mobility is 
associated with the less rigidity given by the aromatic ring 
in the oligomeric structure, resulting in efficient and more 
uniform coverage of the metallic surface. Although the 
polymerization degree of the oligomers is similar, the bulky 
trisubstituted aromatic structure provides significant steric 
and stiffness effects even in the presence of few repetitive 
units. The lower polymerization degree of P10 associated 
with its lower PDI are responsible for its better inhibition.

The surface characterization techniques confirmed the 
formation of an organic film on the steel surface, whereas 
the contact angles suggested the adsorption of hydroxyl 
groups oriented towards the bulk solution in the surface film. 

Table 6. Element percentages according to SEM-EDX analysis of API P110 carbon steel in the absence and presence of P10 (3.5% v/v) 
at 333 K.

Test Element %Mass C/Fe (%) O/Fe (%)

Blank
Fe 90.55

7.74 2.69C 7.01
O 2.44

P10

Fe 24.11

243.92 66.19
C 58.81
O 15.96
Cl 1.12

Figure 12. Contact angle images of API P110 carbon steel samples after 24 h of immersion in 1 M HCl at 333 K (a) without and (b) with 
the corrosion inhibitor (P10, 3.5% v/v).
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In this respect, the inhibitors studied here are eco-friendly 
and have not been previously investigated in the literature, 
demonstrating its potential to compete with conventional 
inhibitors due to the high efficiencies obtained.
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