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Abstract

Due to its relatively low cost and good chemical stability, nonylphenol po ylated with an
ethoxylation degree of 9.5 (NPE9S5) is produced on a large scale and widely used in the industry as an
emulsifier, detergent, and solubilizer. Despite its extensive applicability, the a gap in the literature
regarding its corrosion inhibition properties. In this work, the surfactarw 5 was evaluated as a
corrosion inhibitor for SAE1020 steel in 3% NaCl aqueous solution, atéconceéntrations of 5, 10 and 25
ppm. Measurements of mass loss and visual and microscopic verifi of the corrosion products on
the metal surface were performed through photographic recgr g an Olympus® SZ61 optical
stereoscope and an Olympus® BX5IM microscope. In additien to the previously mentioned
techniques, electrochemical impedance spectroscopy (EIS) was obtained using an AUTOLAB
PGSTAT 204 potentiostat/galvanostat to better confirm dhe surfactant's inhibitory potential. The
impedance results using an inhibitor in the corr.osiWedium show two capacitive arcs. The first
capacitive arc can be attributed to the adsorbed fil carbon steel. The second, at low frequencies,
indicates a charge transfer process in the metal trolyte interface, or corrosion process. The AGads
values obtained by Langmuir and El-Awad s were respectively -21.987 kJ.mol" and -10.061
kJ.mol™, indicating spontaneous physisorpti ocesses. Data on total mass loss shows that the
lowest mass loss occurred in the sa @osed to the highest surfactant concentration (25 ppm),
showing a reduction of approximately“L7% in the corrosion rate in the saline medium.

Keywords: adsorption; corrosio %) or; electrochemical impedance spectroscopy; polyethoxylated

nonylphenol; surfactant; g
Avaliagdo do surfactante 'nonilfenol polietoxilado 9.5 como inibidor de corrosdo do aco
& SAE1020 em meio salino
Resumo %

Devido ao se %fa relativamente baixo e boa estabilidade quimica, o nonilfenol polietoxilado com
grau de e do de 9,5 (NPE95) é produzido em larga escala e amplamente utilizado na indiistria
como._ emlsificante, detergente, solubilizante. Apesar de sua extensa aplicabilidade, existe uma
l literatura a respeito de suas propriedades de inibicdo de corrosdo. Neste trabalho, o
sur, nte NPE95 foi avaliado como inibidor de corrosdo para o aco SAE1020 em solugdo aquosa
de NaCl a 3%, nas concentragdes de 5, 10 e 25 ppm de inibidor. Foram realizadas medicées de perda
de massa, verificacdo visual e microscopica dos produtos de corrosdo na superficie do metal por meio
de registros fotogrdficos utilizando um estereoscopio dptico Olympus® SZ61 e um microscopio
Olympus® BXS5IM. Além das técnicas mencionadas, a espectroscopia de impedancia eletroquimica
(EIE) foi obtida utilizando um potenciostato/galvanostato AUTOLAB PGSTAT 204 para uma melhor
confirmacgdo do potencial inibicdo do surfactante. Os resultados de impeddncia usando o inibidor no
meio corrosivo mostram duas curvas capacitivas, indicando uma maior resisténcia/inibicdo a
corrosdo. O primeiro arco capacitivo pode ser atribuido ao filme adsorvido no aco carbono e o
segundo, em baixas frequéncias, indica um processo de transferéncia de carga na interface
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metal/eletrélito, ou processo de corrosdo. Os valores de AG,,; obtidos pelos modelos de Langmuir e
El-Awady foram respectivamente -21,987 kl.mol’ e -10,061 kJ.mol’, indicando processos
espontdneos de fissorcdo. Os dados sobre perda de massa total mostram que a menor perda de massa
ocorreu na amostra exposta a maior concentragdo de surfactante (25 ppm), mostrando uma reducdo
de aproximadamente 17% na taxa de corrosdo.

Palavras-chave: adsorcdo; espectroscopia de impeddncia eletroquimica; inibidor de corrosdo;
nonilfenol polietoxilado; surfactante.

1 Introduction

Corrosion of metals causes great inconveniences and material damage in various industrial
activities, with very high direct and indirect costs. These occurrences can cause dow@fm
maintenance and replacement of components loss of products and efficiency of producti tems,
and environmental contamination, among others. In extreme cases, sudden fracture critical
equipment parts can cause serious accidents including loss of human lives. T &vch for the
development and improvement of corrosion control and combat techniques is a rrent topic that
has attracted the attention of many researchers (Dwivedi; Lepkova; Becker, 2017; Goyal ef al., 2018).

Carbon steel constitutes the main metallic material in mechanical conStruction considering its

properties and its relatively low price (Dwivedi; Lepkovd; Becker; However, the high
susceptibility to corrosive processes in different environments imposg§ t ed to apply adequate
cker, 2017; El-Haddad et al.,

methods of corrosion protection and control (Dwivedi; Lepkové;
2019; Refait et al., 2020). Among natural corrosive mediums, se w@is one of the most aggressive
to steel, as the salts present in it accelerate the corrosive procéssi(Refait et al., 2020).

The use of corrosion inhibitors to protect steels in aqueous media has been applied as a very
efficient solution to minimize or even prevent corrosion when properly specified and applied. The
most general classification of these inhibitors into cathodic, anodic and adsorption is made according
to their protection mechanisms (Brycki et al., 20 7%&: cathodic and anodic ones form insoluble
products that act as a barrier in the cathodic an ic regions respectively and the adsorption ones
are able to form protective films in the wh ension of the areas of interest, interfering in the
electrochemical reactions involved (Bryckisefigl.;32017; Pedeferri, 2018). In the latter type, organic
molecules with strongly polar groups r@md; highlighting the surfactants. These compounds are
widely used in a variety of applicati@ée to the intrinsic character of these molecules of being able
to interact with polar and non-po ubStances. They are characterized by the ability to interact with
oils, fats and interfaces of s i ontaining solids, liquids, including water, and gases, even being
capable of interacting si neously with both (Sarkar er al., 2021; Shaban; Kang; Kim, 2020;
Tiwari; Mall; Solanki, 2018).

The surfactant n henol polyethoxylated 9,5 (NPE95) is a non-ionic surfactant of which the
hydrophobic part of% olecule comes from the nonylphenol and the hydrophilic part comes from
the ethylene oxid in (Rodrigues et al., 2021). Due to its relatively low cost and good chemical
stability, NP is¥produced on a large scale and widely used in the industry as an emulsifier,
detergent, olubilizer, among other things. Despite its extensive applicability, there is a gap in the
literaturi@ar ing its corrosion inhibition properties.

ated, in this present work, the protection efficiency of the surfactant NPE9S5 as a corrosion
iﬁ@l’for SAE 1020 carbon steel in 3.0% NaCl medium, using methods of electrochemical
impedance spectroscopy (EIS) and mass loss.

2 Theoretical reference

2.1 Corrosion inhibitors by adsorption

Corrosion inhibitors are chemical substances designed to slow down or prevent the corrosion of
metals. Some adsorption inhibitors exhibit detergent-like properties, creating space amidst impurities
on the metal surface and forming a protective film. Corrosion inhibitors by adsorption are an important
class in this context. They operate by forming a protective layer on the metal surface, preventing
corrosive ions from coming into contact with it. This layer is formed when the inhibitor is adsorbed
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onto the metal surface, creating a physical barrier that reduces the corrosion rate. The effectiveness of
adsorption corrosion inhibitors depends on factors such as the nature of the inhibitor, concentration,
temperature, and the agitation of the corrosive medium (Brycki et al., 2017).

The theoretical fractions of adsorbed molecules or degree of coverage (8) and inhibition
efficiencies (1) can be calculated from Equations 1 and 2 (Javadian; Yousefi; Neshati, 2013).

_n%
"~ 100

Rp — Rpo
% = ———x 100 2
mh=""p &( )
where Rp is the polarization resistance of the material with the inhibitor and Rp, is‘[&@ﬁrization

(1)

resistance without inhibitor.

2.2 Nonylphenol polyethoxylate 9.5 (NPE95)

Nonylphenol polyethoxylate with an average number of 9.5 is a non-ignic surfactant (weight
(W) = 617 g.mol”, complete solubility in water, viscosity 230-270 .s at, 25 °C, density 1060
kg.m”). NPE95 is a chemical compound containing a nonylphenol base With a polyethylene oxide
chain that has, on average, 9.5 ethylene oxide units. This co oq‘i&; commonly used in various
industrial applications, including as an emulsifier, deterge lubilizer, among other things
(Melo et al., 2014).

2.3 Electrochemical impedance spectroscopy (EIS) /

Electrochemical Impedance Spectroscopy (EIS powerful technique for real-time evaluation
of the effectiveness of corrosion inhibitors. Th1s 1que is based on the application of a small
amplitude of alternating signal to an electr 1 system and the subsequent analysis of the
resulting frequency response. EIS allows fc @aracterlzatlon of the corrosion resistance of the
metallic surface and the efficiency of 0 osion inhibitor. Parameters obtained from EIS
measurements include polarization resi (Rp) electric double-layer capacitance (C,), and the time
constant associated with the inhi dsorption processes. These parameters provide crucial
information regarding how the inhi acts on the metal surface and its influence on the corrosion
rate (Ribeiro; Souza; Abran ).

Polarization resistanceiCan be assessed from the Nyquist diagram, which consists of a scatter
plot in the complex plane where the real part of impedance (resistance) is plotted on the horizontal
axis (Z’) and the im part (reactance) is plotted on the vertical axis (Z”). After constructing the
Nyquist diagram, lation is performed from the right-hand side of the semicircle until it
intersects the Horizoftal axis. The diameter of the semicircle represents the charge transfer resistance
(Ry), which ivalent to the polarization resistance (R;). Thus, the larger the diameter of this
semicircle,&igher the R, resistance and, consequently, the lower the corrosion rate (CR) (Ribeiro;
Souza; A@)tes, 2015).

3 erimental

he evaluation of the inhibitory action of the NPE95 on SAE 1020 steel in 3.0% NaCl medium
was made with data obtained from electrochemical impedance spectroscopy (EIS) analysis. It used an
AUTOLAB PGSTAT 204 potentiostat/galvanostat, from Methron Autolab®, and the NOVA software
version 2.0 for the acquisition and treatment of the parameters obtained. The tests were performed at
open circuit potential, at room temperature, with a frequency range from 10 kHz to 4 MHz, amplitude
of 0.01 V and potential stabilization time of 10 minutes before the beginning of each experiment to
reach the steady state open circuit potential. The experiments were carried out in a conventional
electrochemical cell with a capacity of 80.0 mL, composed of three electrodes: Ag(s)|AgCl(s)|Cl-
(aq.,[Cl-]) as a reference; platinum plate with an approximate geometric area of 2.0 cm? as counter
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electrode and a SAE1020 steel disk with an exposed circular surface area of approximately 1.0 cm? as
working electrode. A Faraday’s cage was used for the obtention of the impedance diagrams.

Before the tests, the working electrodes were submitted to polishing with silicon carbide paper
in decreasing granulation of 320, 400, 500 and 1200 mesh. The polished electrodes were washed in an
ultrasonic bath using bidistilled water and acetone. The experiments were performed by adding
sufficient amounts of to the corrosive medium to promote concentrations of 5.0, 10.0 and 25.0 ppm
and for comparison purposes, analyses were also carried out without the addition of surfactant.

The polarization resistances (R;) obtained via EIS and the surfactant concentrations in the
corrosive media were used in the construction of the adsorption curves. Through linear regression, the
correlation coefficients (R?) were obtained and used as a criterion to select the most acceptable
adsorption isotherm models (Arellanes-Lozada et al., 2018; Farsak; Keles; Keles, Z(@‘ he
theoretical fractions of adsorbed molecules or degree of coverage (8) and inhibition efficiencies (1)
were then calculated from Equations 1 and 2. @ @

The spontaneity of the surfactant adsorption processes on the steel surface as@culated for
each experiment, obtaining the free adsorption energies AGads (kJ.mol") from ion 3 (Javadian;
Yousefi; Neshati, 2013):

Kugs = 1 ex AGaas A (3)
(55,5) p( RT) [\%'\'

where T is the absolute temperature and R is the gas constant/and K, is the equilibrium adsorption
constant of the evaluated isotherm models.

In order to confirm the results obtained by EIS, it was also sought to evaluate the corrosion-
inhibiting action of NPE95 by the mass loss method. Thes%xperiments were performed in duplicate,

following the NACE RP0775, NACE TM169 and G1 standards (ASTM International, 1999;
Bajares; Mella, 2015; NACE International, 1999’. pecimens used were SAE 1020 carbon steel
coupons® from Roxar Flow Measurement AS 7 e shape of a disk and with a central hole, as

shown in Figure 1. ¢

Figure 1 — Typical images of coupons utiljz@@mass loss corrosion tests obtained with 8 times magnification

Sourcx&th rs’ archive

T zing to obtain the diameters of the disks, holes and thicknesses was made using a digital
c ith a precision of 0.01 mm, Mitutuoyo® Absolute Digimatic model. Weighings were
performed on an Ohaus® Adventurer model analytical balance with an accuracy of four decimal
places. Images of the longitudinal and transversal sections were obtained with an optical stereoscope
model Olympus® SZ61, with a magnification of 8 times. The initial masses and dimensions of the
coupons are shown in Table 1.

Table 1 - Coupon data: initial mass and dimensions of the exposed area

Description Mass (g) Dimensions (mm) | Height (mm) Exposed area (mm?)
O =32.13
Absence of sufactant 20.5726 O =17.50 4.05 1950.81
O, =9.95




® =32.10
Solution with Sppm (1) 20.8614 Oy =17.57 4.13 1956.886
O, =9.99
® =32.10
Solution with Sppm (2) 20.6960 Opy=17.52 4.10 1952.249
Oy, =10.03
O =32.11
Solution with 10ppm (1) 20.7865 Op=17.48 4.09 1953.090
D, =9.99
® =32.09
Solution with 10ppm (2) 20.7532 Op=17.10 4.09 1952.021
@y, =10.01
® =32.06
Solution with 25ppm (1) 20.4470 O =17.51 4.06 1943.@
q)fm =997
®=32.12 %
Solution with 25ppm (2) | 20.6760 Doy = 17.13 402 47.276
Oy, =9.95
Nota: @ = disc diameter, ®py = largre diameter, @, = smaller diameter.
(1) First sample; (2) Second sample
Source: research data \

~
The coupons were submitted to the same test conditions used in the EIS analyses, for a period of

eight weeks, 1344 hours of exposure in immersion cells in total, as shown in Figure 2. At intervals of
eight days (192 hours), they were removed and subjected to chemical pickling in Clarke's solution, at
room temperature, until the complete removal of the oxidation products and residues adhered. Then
they were dried and weighed. Mass variations obtained in each weighing in the respective time
intervals represent the corrosion rate. o ¢ O

Figure 2 — Immersion cells used in the tests to«de e mass loss. a) Beginning of the experiments. b) 1344

1o\ Kgnmersion

T WU g e e——— —
-

_ W X 3,65.10°

CR = €]

AXTXD

where W is the bass loss (g); A is the initial exposed area (mmz); T is the exposure time (days) and D is
the metal density (g/cm?).

— CR;
————— x100% %)



where CRg is the corrosion rate without an inhibitor (mm/year) and CR is the corrosion rate with an
inhibitor (mm/year).

Table 2 — Qualitative rating of uniform corrosion rate on coupons

Corrosion rate (mm/year)
Low <0.025
Moderate 0.025-0.12
High 0.13-0.25
Severe > 0.25

Source: Islam, M. et al. (2016) &

3 Results and discussion .
Figure 3 shows the Nyquist diagrams obtained, these data were used to eval t& AE1020
corrosion inhibition by NPE95 at the concentrations of the surfactant initially estaElisEed.

Figure 3 — Electrochemical impedance diagrams of steel (SAE) 1020 in 3.0% NaCl medium, with and without

the addition of NPE95 -
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Source: research data

It is observed.t ‘?e diagram generated in the absence of surfactant exhibits a single capacitive
arc, characteriZi ngle charge transfer process, with total impedance associated with the corrosion
resistance of the luated steel, in the saline solution, without evidence of passivation film formation.
The other didgrams obtained through the addition of the surfactant in the corrosive medium show two
capaciti s, indicating a greater inhibition of corrosion. The first capacite arc can be attributed to
t '@A orbed film on carbon steel. The second, at low frequencies, indicates a charge transfer process
in the metal/electrolyte interface, or corrosion process. There is also an increase in the first capacitive
arc total resistance with the increase of the surfactant concentration. This fact is possibly associated
with the adsorption of the surfactant to the surface of the working electrode, which increases with the
increase of its concentration in the medium (Abdallah et al., 2018; Fouda et al., 2019).

Table 3 presents the polarization resistance (R,) obtained by electrochemical circle fit and the
adsorbed efficiency (), also known as the degree of coverage. The increase in the concentration of the
surfactant NPE95 effectively promoted increasing inhibition of the corrosive processes, characterized
by the elevation of the total impedance modulus. In works that involve this theme, such behavior has
been observed and highlighted as relevant. A typical example is presented by Torres et al. (2016)
where a correlation was noticed between concentrations of the inhibitor present in the electrolytic
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medium and the corrosion rate of the SAE 1020 carbon steel, under conditions similar to those used in
this present study.

Table 3 — Experimental data of Rp for each concentration and adsorption efficiencies (8 x100%)
Sufactant concentration (ppm) Rp (©2) Adsorbed molecules efficiency (0) (%)

0 129.75 0.00
5 132.18 13.76
10 165.68 22.79

25 166.34 25.64
Source: research data
A

The adsorption curves shown in Figures 4 and 5 were made from the experimental data on Rp
obtained from the impedance diagrams and the fractions of molecules adsorbed on the surface (8). The
curve behavior generated from these data was compared with the following adsorption isotherm
models cited in the literature: Langmuir, Temkin, Flory-Huggins and El-Awady (Foo; Hameed, 2010).

Figure 4 — Langmuir adsorption curve \
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Figure 5 — El-Awady adsorption curve
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The Langmuir and El-Awady models shown in Figures 4 and 5, represented by Equations 6 and
7, respectively, present the best correlation coefficients R2, 0.9652 and 0.9520 respectively, which the
literature has already considered to be good adjustments, as demonstrated by Boulinguiez, Cloirec and
Wolbert (2008).

Source: research data

/
C/0 = 1/K'q@c (6)
log[6 /(1 — 9)]'&9 Kads + y log C (7

where C is the inhibitor concentratiW L': K is the adsorption constant; @ is the fraction of
molecules adsorbed on the surface a is the number of inhibitor molecules adsorbed at an active
site. From equation 3, the AG,4, values obtained by Langmuir and El-Awady models were respectively
-21.987 kJ mol™ and -10.061 kJ mol”, indicating spontaneous adsorption processes in the studied
medium. According to Javadidn, Yousefi and Neshati (2013), the energy values of AG,qs around less
negative than —20 kJ mol " are’associated with physisorption.

Data on total ss and inhibition efficiencies after the exposure of the coupons to the
corrosive media ar n in Table 4. The data demonstrate that the presence of NPE95 generates a
decrease of approxitately 17% in the corrosion rate of steel in saline environments. Although, an
increase in the comcentration of NPE95 from 5 to 25 ppm does not generate a significant increase in
the efficien@& the inhibitor. Thus, it can be inferred that the surfactant used in the study inhibited the
COITOSi0W process.

Ta — Relative mass losses and inhibition efficiencies of the NPE95 in 3% NaCl medium, at concentrations
of 5.0; 10.0 and 25 ppm, and in the absence of the NPE95, at room temperature
NFP95 concentration (ppm) Relative mass loss (%) Inhibition efficiencies (Ef) (%)

0 0.9702 -

5 0.8571 11.00
10 0.8312 13.58
25 0.8069 16.65

Source: research data

Figure 6 shows the relative mass losses of the coupons with time of exposure to the corrosive
medium. As expected, and in agreement with the results obtained via EIS, there is a tendency towards
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greater losses in the absence of the surfactant, with a decrease as its concentration increases in the
medium. However, as these are relative losses of mass, the differences become subtle regardless of the
presence and concentration of NPE9S5, and identical behaviors are observed with time, which indicates
a reduction only in the kinetics of the processes without major changes in the corrosion mechanisms
(Torres et al., 2016; Zhu; Free, 2015).

Figure 6 — Coupons relative mass losses behavior with time in 3.0% NaCl medium in the presence of the NPE95
at concentrations of 5.0; 10.0 and 25.0 ppm, and in the absence of the NPE95, at room temperature
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Figure 7 shows the influence of inhibitor concentration on the average corrosion rate over the
1344 hours interval. Values were determined cmsi@g the specific mass of the SAE 1020 steel
(7.85g.cm™), mass losses of each electrode and_the respective exposed areas. The curve behavior

demonstrates that the corrosion rate decre ile the surfactant concentration increases, in
agreement with the results observed previ “Corrosion rates in all specimens were considered
moderate, according to NACE RP0775 (Ir@ational, 1999).

Figure 7 — Corrosion rate of the co.u&%rmined in the period of 1344 hours of exposure in 3.0% NaCl

o medium
0,088
L]
0,084\
—
8
o\ LS
£ 0,080
8
S
O %
2
£ 0,076 -
8=
é it
5 0,072
@) ]
0,068 — T

0 5 10 15 20 5 30
Concentration Inhibitor (ppm)

Source: research data

4 Conclusion



The experimental results showed that the surfactant nonylphenol polyethoxylated with a degree of
ethoxylation of 9.5 promoted corrosion inhibition on 1020 steel in the studied medium. These results
were verified by both techniques used in the study.

The impedance results using an inhibitor in the corrosive medium show two capacitive arcs. The
first capacitive arc can be attributed to the adsorbed film on carbon steel. The second, at low frequencies,
indicates a charge transfer process in the metal/electrolyte interface, or corrosion process. The increase in
the concentration of the surfactant NPE9S effectively promoted increasing inhibition of the corrosive
processes, characterized by the elevation of the total impedance modulus.

Data on total mass loss demonstrate that the presence of NPE9S5 generates a decrease of
approximately 17% in the corrosion rate of steel in saline environments.

From this perspective, it can be inferred that NPE9S demonstrates its potential as a ¢
inhibitor for steels in a saline medium. However, further research involving higher conce
NPE9S5 or its combination with other additives may yield even more superior corrosion inhibiti
a saline medium. &
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